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ABSTRACT
Increasing applications of nanoparticles (NPs), such as metal oxide and mercuric
sulfide NPs, lead to heightened environmental concern. Challenges to the study of natural
and engineered NPs include the physical and chemical characterizations.
Commercially available and laboratory-synthesized metal based NPs, iron oxide
(Fe2O3), copper oxide (CuO), titanium dioxide (TiO2), zinc oxide (ZnO) and mercuric sulfide
(HgS) were studied by comprehensive characterizations methods. The general synthesis
process was modified sol-gel method. The size and morphology of NPs could be influenced
by temperature, sonication, calcination, precursor concentration, pH and types of reaction
media. In the synthesis of nZnO in ethanol, the essential factors were temperature and
reaction time. The concentration of the precursors impacted the aggregate size. The method
to synthesize nFe2O3 was controlled by sonication and pH condition. The dialysis method
was compared. Both methods generate reliable products. To synthesize nTiO2, the pH and
temperature were adjusted in the presence of precursor, such as TiCl4 or Ti(OCH(CH3)2)4.
Base-hydrolysis of Cu(NO3)2 was used to generate nCuO. To get nano-sized fine particle,
calcined time and temperature were the most important factors. Synthesis of nano-sized HgS
has been less studied due to the more highly toxic precursor. Here, HgCl2 and sulfur powder
were used as precursors. The pH of the synthesized medium was adjusted by sodium
hydroxide. Control factors included sonication and nitrogen purge. Under ultrasound
sonication bath, the synthesis process became more uniform and smaller particles. Plus, it
provided an oxygen-free atmosphere with continuous nitrogen bubbling.
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All types of the laboratory-synthesized or commercially available NPs were
characterized by physical and chemical processes. The chemical composition was carried out
by acidification or digestion and inductively coupled plasma mass spectroscopy (ICP-MS) or
inductively coupled plasma atomic emission spectroscopy (ICP-AES) or flow injection
mercury system (FIMS) measurement, which showed the purity of the laboratory synthesized NPs. Physically, X-ray diffraction tested the crystallinity and confirmed the
particle purity, UV-Visible spectroscopy was used as a real-time measurement to check the
particle formation, growth, agglomeration and possible dispersion by sonication.

One

characteristic of NP that can lead to ambiguous toxicity test results was the effect of
agglomeration of primary nano-sized particles. Laser light scattering was used to measure
the aggregated and particle size distribution. Aggregation effects were apparent and often
extensive in some synthesis approaches. Electron microscopy (SEM and TEM) gave the
images of those laboratory-synthesized particles and aggregation. The average single particle
was about 5-20 nm of ZnO; 20-40 nm of CuO; 10-20 nm of TiO2; 20-35 nm of Fe2O3; 10-15
nm of HgS, while the aggregate size was in the range of a hundred nanometers or more.
These five types of NPs were obtained with spherical and oblong formation and the
agglomeration of ZnO, CuO, HgS and TiO2 was random, but Fe2O3 has web-like
aggregation. Other measurements performed on the particles and aggregates include bandgap
energies, surface composition, surface area, hydrodynamic radius, and particle surface
charge.
In aqueous environment, NPs are subject to processes such as solubilization and
aggregation. These processes can be controlling factors in the fate of nanomaterials in
environmental settings, including bioavailability to organisms. This study has focused
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primarily on measurement of the solubility in aqueous media of varying composition (pH,
ionic strength, and organic carbon), sedimentation and stability. The aggregate size
distribution was monitored in solubility experiments. Typical results show nano-sized
primary particles forming aggregates approximately microns in diameter. Microfiltration
method, evaluated by UV absorbance monitoring and concentration monitoring, was used to
rapidly separate the suspended and settled NP aggregates from the aqueous phase. In a
culture medium (FETAX), there was negligible dissolved metal released from nZnO and
nCuO suspensions, whereas commercial nZnO showed measurable release of the dissolved
Zn. The release of dissolved metals from nTiO2, nFe2O3 and nHgS suspensions was
detectable, which could contribute to the toxicity effects of FETAX culture. The solubility
was tested in acidic, neutral and alkaline solutions. Visual Minteq was used to model the
solubility for comparison. The solubility of the nanoscale particles, nZnO (pH> pHpzc), nCuO
(pH>6), nTiO2, nFe2O3 and nHgS increased relative to the larger size particles. At three
NOM concentrations (5; 20 and 50 mg C/L), the solubility increased as the NOM
concentration increased. For nZnO and nHgS, 20 mg C/L NOM produced smaller
aggregation size than DDI; whereas other NPs showed larger aggregate sizes in NOM. NPs
solubility was not influenced by ionic strength (0.01, 0.1 and 1.0 M NaNO3).
Nano mercuric sulfide was used to test the photochemical reaction in the presence of
various compositions. Light-induced solubilization occurred after 7 hours irradiation.
HAc/NaAc, NOM as methyl donor assisted mercury methylation with or without light
irradiation. In alkaline media, which facilitated the dissolution of nHgS, methylation became
more significant. Photodegradation of 10 mg C/L NOM under all circumstances was
confirmed, and resulted in an increasing amount of dissolved mercury.

However, the
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methylmercury, inorganic mercury changed unrelated with the presence of NOM. Fe(III)
helped the mercury methylation and dissolution when its concentration was as high as 10 µM
in alkaline media.
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CHAPTER 1 Introduction
1.1 Introduction
There has been a rapid increase in interest in nanotechnology and the use of
nanoparticles (NPs) in commercial applications (Harrison 2007; Pitkethly 2004). However,
there is little known of the fate and behavior of the engineered NPs in the environment. The
benefits derived from NPs may be offset by increased health and environmental risks with
the potential for exposure (Klaine et al. 2008). Many toxicity tests have been carried out,
however, many disagreements in interpretation exist (Klaine et al. 2008). Typically, there are
limited NP characterizations performed in many ecotoxicological studies (Hassellov et al.
2008). The properties of NPs differ remarkably from small molecules and their chemistry and
synthesis methods necessitate that they be considered more like complex mixtures. Not only
the NPs physical and chemical properties, such as morphology, surface area, surface charge,
purity and the media where they present, but also the degree of aggregation in a particular
system will strongly influence the bioavailability, mobility, transformation (Christian et al.
2008). The surface chemistry of NPs is extremely important in understanding and explaining
the environmental behavior. For example, as the particle size decreased, the more soluble
NPs such as ZnO and FeO showed greater acute toxicity than sparingly soluble NPs (Brunner
et al. 2006).
This research focuses on a physical and chemical characterization of nanometer-size
ZnO (nZnO), TiO2 (nTiO2), Fe2O3 (nFe2O3), CuO (nCuO) and HgS (nHgS), and a
fundamental study on the environmental behavior. Firstly, laboratory synthesis procedures
are described in detail. Secondly, the use of microscopy, spectroscopy, and other methods to
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characterize the laboratory-synthesized NPs are explained. Commercially available metal
oxide NPs were characterized and compared as well. To investigate the behavior of NPs in
the environment, the solubility of metal oxide and HgS NPs were examined under simulated
environmental conditions of varying pH, ionic strength, and natural organic matter (NOM)
concentrations. Finally, some preliminary experiments on photochemical studies of nHgS
were performed.

1.2 Background

1.2.1 Sources of NPs
Colloids and NPs are naturally ubiquitous in the environment. They are formed by
processes that have occurred for millions of years. For example, NPs can be produced
naturally as aerosols from volcanic eruptions, forest fires, pollen fragments and viruses
(Wigginton et al. 2007). Some anthropogenic colloids and NPs differ from engineered ones,
by being unintended by-products vs. intended products of technological processes. Since the
industrial revolution, the amount of anthropogenic NPs has increased significantly due to the
appearance of internal combustion engines, power plants, vehicles and extensive burning of
fossil fuels (Biswas and Wu 2005). In addition, pollution from processes such as mining may
contribute the appearance of NPs in the environment. Submicron crystalline mercuric sulfide
(HgS) in the form of metacinnabar was detected in mercury-contaminated soil from the flood
plain of East Fork Poplar Creek in Oak Ridge, Tennessee (Barnett et al. 1997). On the other
hand, the intentionally produced NPs are often called engineered NPs (ENPs).
Nanocrystalline materials, such nano-sized metal oxide and metal sulfides are novel materials
and can be found in various areas of the economy. ENPs exist in catalysis sensors, solar cells
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(Singh et al., 2007; Roberts et al. 1969), personal care products (e.g. sunscreens) (Nohynek et
al. 2007), environmental remediation (Matsuda and Hatano, 2005), and semiconductors
(Chakraborty et al. 2005; Kershaw et al. 2000; Roberts et al. 1969).

1.2.2 Challenges to the study of NPs in aquatic media
Manufactured or natural NPs may have ecotoxicological effects after discharge into
environment. Nanotechnology research investigating the fate, transport, transformation, and
exposure of engineered nanomaterials (NMs) has been supported by EPA in recent years.
Knowledge of NPs chemistry and environmental impact is highly useful for better
understanding of the fate, behavior and toxicity of manufactured NPs in the environment, as
it has been to understand the fate and behavior of trace elements and trace organic pollutants
(Yon and Jamie 2008). The chemical composition, structure, size, shape of NPs and the
surface properties play a major role in determining their impact on health and the
environment. The NPs have an exceptionally high surface area to volume ratio; this is one of
the reasons for some of their unusual properties. Chemically, surface atoms and ions are
distinct from bulk atoms because they are coordinatively undersaturated or bonded to species
from the surroundings rather than bonded to the next layer of the same material. The surface
energy of NPs may be several times higher than that of the bulk (Nanda et al. 2003).
Therefore, smaller particles are more reactive than larger particles. It is well established for
macroscale metal-oxide particles that surface oxygen atoms react with water, forming
hydroxyl functional groups that impart a pH dependent surface charge on the oxide phase
(Stumm and Morgan 1996). For nanoscale particles, with different surface characteristics
energies, this may result in different surface reactivity and charging behavior, including
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different pH values for the point of zero net proton charge (pHznpc) and isoelectric pH (pHiep)
relative to bulk materials. However, TiO2 NPs were positively charged at pH<6 and
negatively charged at pH>7 (Ridley et al. 2006) which has not significantly different from
macro-size TiO2. In many NPs toxicity articles, there are more and more concerns about the
solubility changes owing to surface property differences in the last few years. Based on the
Kelvin equation, solubility should increase as the particle size decreases (Stumm and Morgan
1996). However, Franklin et al. found that the toxicity of nZnO and bulk-ZnO are
comparable, attributable solely to dissolved zinc (Franklin et al. 2007). Particle dissolution
appeared to explain part, but not all, of the toxicity test (Griffitt et al. 2008). Phytotoxicity
tests of nZnO indicated that the toxicity of ZnO NPs may be due to absorption, rather than
particle translocation and dissolution (Lin and Xing 2008). Further research is needed to
solve these conflicts.
NPs tend to aggregate in aquatic media. The aggregation and deposition are essential
to understand the mobility and stability of NPs, and are influenced by NP surface properties
and environmental or solution characteristics. Microbial action (Buffle and Leppard, 1995)
and chemical or physical conditions such as ionic strength, pH, and the presence of organic
matter, affect the aggregation behavior of NPs in aquatic systems (Handy et al. 2008). For
example, an increase in ionic strength compresses the electric double layer, thus decreasing
electrostatic repulsion between two particles of the same charge. Therefore, NPs become
easier to aggregate. One study showed that deposition of colloids in sediments and onto
surfaces occurs as salinity increases, resulting in a lower concentration of smaller particles in
water (Stolpe and Hassellov 2007). As pH changes, the aggregation tendency of the NPs will
shift. Fe2O3 NPs were present at 35% by concentration in the dissolved phase and highly
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discrete particles at pH=2, but extensive aggregation was observed at pH 6 (Baalousha et al.
2008). In addition, NPs association with NOM may enhance or decrease NP aggregation.
NOM present in NPs suspensions may affect aggregation behavior in opposing ways:
reduced aggregation through charge stabilization (Jekel 1986), or enhanced aggregation
through charge neutralization (Baalousha et al. 2008). Kretzschmar and Sticher found that
hematite surface charge was reversed from positive to negative and its attachment efficiency
to a sandy soil decreased from 1 to 0.01 when coated with 4 mg/L humic acid (Kretzschmar
and Sticher 1997). The point of zero charge (pzc) of nFe2O3 shifted to lower pH (i.e. from 9.1
to 5.6) in the presence of Suwannee River humic acid (SRHA) (Baalousha et al. 2008). The
aggregation can be produced by the interactions with other natural NPs or larger particles
(O’Melia, 1980). Natural colloids and particulate material present in the environment at the
mg L−1 level (Lead and Wilkinson, 2006) will have a major impact on manufactured NPs,
present at µg L−1 levels (Boxall et al. 2007). If aggregated or coagulated NPs account for the
major fraction of NPs in aquatic systems, toxicity tests and environmental studies may have
unexpected results. For example, there is evidence (Franklin et al. 2007; Velzeboer et al.
2008) showing that the absence of high concentrations of free NPs due to aggregation and
agglomeration results in no ecotoxic effects. Therefore, a better understanding of NPs
aggregation will help to better predict the NPs fate in the environment.
An additional challenge in the study of NP physico-chemical properties and reactivity
is NP variation due to the different engineering processes. Researchers should be cautious
when making general statements about the environmental chemistry of NPs. For example,
characterization of the same types of NPs can vary significantly with different pretreatment
conditions. Variable properties include particle size, shape, surface area, solubility and the
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types of coatings or reactive groups added to the basic nanostructure during manufacture
(Christian et al. 2008). However, ecotoxicological studies often have little systematic
characterization of the physico-chemical parameters, which could be limited to compare to
other relevant research (Franklin et al. 2007). Therefore, it is necessary to report as much
information on the NPs preparation and treatment as possible.
This highlights the need for better understanding the abiotic controls of NPs
physicochemical behavior in environmental media, and further research on NPs toxicity. A
careful record of sample collection, storage procedure, and preparation steps is important in
order to track potential artifacts (Hassellov et al. 2008). NPs can and do change in structure
and composition in response to their environment over varied time scales. To obtain
homogenous and stable NPs for aquatic tests, there are several approaches currently used:
dispersion in detergents or similar agents, dispersion by sonication, dispersion by prolonged
stirring or dispersion by the presence of natural organic matter (Christian et al. 2008).
Although sonication has been used as an efficient way to break the aggregation of NPs, the
particles will reaggregate over time. Prolonged sonication could induce the structural and
chemical changes in the NPs. Some NPs may have surface groups that help maintain
dispersion. NPs discharged to the environment are not likely to occur in the presence of
milligram quantities of dispersant chemicals or sonication. An alternative dispersant, NOM,
should be studied because of its environmental relevance.
Overall, basic measurement and characterization of NPs in environmentally relevant
test media are summarized as below:
1. Clear nomenclature information and complete manufacturer’s or laboratory
synthesis information.
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2. Concentration of the material (e.g. mg L-1).
3. Number of particles or surface area per volume.
4. Zeta potential (electrokinetic potential in a colloidal system).
5. Electron microscope images (or similar) of the material.
6. Measurement of the individual particle size, including mean particle size±SE for
replicate samples.
7. Measurement of the size of any agglomerated or aggregated material in the test
solution (mean and standard deviation as above).
8. Some measurements to confirm concentrations of the main expected impurities in
the test material, including surface absorbed species, and details of any washing
procedures to remove these.
9.

Water components such as natural organic matter, pH, ionic strength and type
and concentration of cations.

Measurement of some of these properties is difficult due to the complexity of the
behavior of NMs in dispersions. The characterizations of single particle with respect to size
and shape, using techniques such as electron microscopy, are widely performed. Methods
based on the measurement of particle populations can be difficult to interpret quantitatively.
Knowledge of method limitations is essential to the interpretation of NPs properties in
aquatic systems. Table 1-1 shows details of characterization methods which was used in this
work.
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1.2.3 Photochemical dissolution and methylation
In aquatic environment, NPs can be involved in photoinduced chemical reactions. In
particular, semiconductor NPs have the ability to absorb light of energy in excess of the
corresponding bandgap. The effect in semiconductors is the generation of electron-hole pairs
upon light absorption and of the induction of interfacial reactions. Semiconductor-assisted
photooxidation and photoreduction occur in natural and engineered systems. In addition, the
role of NOM in photochemical reactions, the mechanisms by which they occur, and factors
affecting the rates, are environmentally significant. NOM absorbs light in the
photochemically important UV and low visible part of the spectrum; it is an important
sensitizing agent in aquatic photochemical reactions involving NPs.
As a photo-reactive semiconductor, HgS can be dissolved, methylated, demethylated,
or reduced under light irradiation (Hsieh et al.1991). Photo-solubilization of mercuric sulfide
occurred under irradiation with light of ≤650nm and was enhanced in the presence of oxygen
and electrolytes (Akagi et al. 1977). In the presence of acetate ions, the resultant mercuric
ions were methylated via the photosensitized reaction by the simultaneously produced
"photo-sulfur" under irradiation with light of ≤420nm (Akagi et al.1977). It has been
discovered that >300nm photoirradiation of aqueous suspensions of several natural and
synthesized crystallites of HgS induced deaminocyclization of optically active or racemic
lysine into pipecolinic acid under deaerated conditions. HgS decomposed and hydrogen
sulfide (H2S) and Hg2+ were released (Ohtani et al.2003). However Hg2+ also undergoes onsite reduction on the surface of HgS to Hg0. Hsieh in 1991 (Hsieh et al. 1991) concluded that
the dissolved and
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Table 1-1. Techniques used for NPs characterization
Techniques

Acronym(s)

Information Obtained

Performance limitations

Sample requirements

Nanometer length-scale
Scanning/Transmission electron
microscopy
Energy dispersive X-ray spectroscopy

the size and morphology of an individual

Sub-µg, Ultra High

SEM/TEM*

particle

<0.1 nm spatial resolution

EDS*

Elemental composition

~0.5 nm spatial resolution

Sub-µg, UHV

~1nm-1µm spatial resolution

Sub-µg,

depending on signal

semiconductive or

monitored

conductive, UHV

~ 1 µm spatial resolution

Sub-µg, UHV

Vacuum(UHV)

Micrometer length-scale

Scanning electron microscopy

X-ray photoelectron spectroscopy

SEM*

XPS*

the size and morphology of larger individual
particles
Extremely sensitive of investigating surface
composition and valence of the elements

Bulk analyses

X-ray diffraction

Brunauer, Emmett and Teller

XRD*

Crystal structure and particle size

Detection limitation:
normally 3-5 wt%

About 1 g dry
powder with handpulverized

B.E.T.*

Total surface area measurement

thousands of m2/g

~100mg, Vacuum

DLS

Aggregation state, size distribution

~3nm-3000nm

ppm range

To get the pHpzc and surface charge

pH 0-14

Particle sizing
Dynamic laser scattering
Surface properties
Acid-Base titration**
*Burleson et al.2004
**Stumm and Morgan 1996
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vaporized mercuric species (Hg0) increased with photoirradiation of metacinnabar in an
aquatic system. The possible mechanism was photo-generated electrons reducing Hg(II) to
Hg(0). The reactions were appreciable in alkaline solutions.
Humic substances (HA and FA) complexes are generally believed to be a key
pathway in Hg transfer. The ability of NOM especially humic (HA) and fulvic acids (FA) to
dissolve cinnabar (Ravichandran et al. 1998) and reduce mercury abiotically has been well
documented (Weber 1993). Meanwhile, Hg (II) can be stabilized by being strongly chelated
by these organic molecules. HA and FA are abundant natural methyl donors (Weber 1993),
and suspected to have importance influences on methylation and demethylation. Light
degradation is very likely an important removal process for humic substances in the aquatic
environment (Lepane et al. 2003). With the recent depletion of the ozone layer and the
resulting increase in incident UVB (280~320 nm) radiation, the process of decreasing NOM
molecular size via photodegradation could be noticeable (Bonzongo and Donkor 2003).
Therefore, UV-induced breakdown of organic matter to smaller organic compounds could
speed up the bioaccumulation of Hg (Nagase et al. 1982). Both degradation and production
of methylmercury could happen in surface waters (Sellers et al. 1996; Siciliano et al. 2002).
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1.3 Research Objectives
Metal oxide (e.g., ZnO, TiO2, Fe2O3, and CuO) and metal sulfide (e.g. HgS) NPs may
occur naturally or may be formed by engineered processes. Exposure of aquatic systems to
such NPs is an issue of increasing concern. Interpretations of toxicity test results rely on
knowledge of fundamental physical and chemical characteristics of NPs. The morphology,
aggregation state, surface area, surface charge, purity and its material solubility are expected
to play very important roles in the fate and toxicity of the nano-sized metal oxides and HgS
in aquatic systems. In addition, the medium in which the NPs are present may strongly
influence their physicochemical behavior through variation in pH, ionic strength, and NOM
concentrations. To help elucidate the environmental fate and potential toxicity of these five
NPs, the present research has three aims.
•

To synthesize and characterize nano-sized ZnO, TiO2, Fe2O3, CuO and HgS

Beginning with established NPs synthesis procedures, modified synthesis methods for
nZnO (wurzite), nTiO2 (anatase), nFe2O3 (hematite), nCuO (tenorite) and nHgS
(metacinnabar) were investigated.

Synthesis methods controlled precursors and particle

formation conditions to get desirable particle sizes and high purity products comparable to
commercial NPs. Commercially available nZnO, nTiO2, nFe2O3, nCuO were also
investigated, because most toxicity tests were carried out using purchased NPs with or
without further purification. The particle sizes and crystal structures were characterized using
various electron microscopy techniques e.g. transmission/scanning electron microscopy
(TEM/SEM) and x-ray diffraction (XRD). Electron microscopes with energy dispersive x-ray
(EDS) and x-ray photoelectron spectroscopy (XPS) capabilities were used to check elemental
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composition and valence. Particle surface area were determined with B.E.T. isotherm
methods (typically N2 adsorption) using a Micromeritics ASAP 2010. Suspensions of the
semiconductor NPs nZnO, nTiO2 and nHgS were amenable to characterization by optical
spectroscopic methods such as UV-visible absorption. Monitoring changes in intensities and
bandgap absorption onset shown by these spectra was expected to provide a quick indication
of particle growth and/or coagulation. The aggregation state was provided by DLS
measurement.
•

To determine the environmental behavior of nZnO, nTiO2, nFe2O3, nCuO and

nHgS in different aquatic conditions mimicking different environmental settings
To predict the environmental behavior, the solubility of nZnO, nTiO2, nFe2O3, nCuO
and nHgS was tested under different simulated aquatic media. Dissolution in various pH (410), NOM (5, 20, and 50 mgC/L) and ionice strength (0.01, 0.1, 1.0 M) was investigated.
Mechanisms of NPs’ solubility were proposed based on surface property results. The
aggregation was monitored to illustrate the dissolution process. The stability of nZnO, nTiO2,
nFe2O3, nCuO and nHgS in aquatic systems were studied.
•

To test photochemical reactions of nHgS in the presence of NOM-related

organic compounds
The photolysis of nHgS in the presence of some organic compounds, for example
acetic acid, was initiated through light absorption in the aquatic system. Not only nHgS, but
also acetic acid absorbed light. The fraction of nHgS dissolved was monitored compared to
dark experiments. The net yield of total mercury, inorganic divalent mercury, methylmercury
and organic mercury were measured and calculated through mass balance.
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CHAPTER 2 Synthesis and Characterization of Metal Oxide and
Mercuric Sulfide NPs
2.1 Introduction
There are two main methods for the preparation of NPs: top down and bottom up. The
former relates to the preparation of NPs by “cutting” or grinding larger pieces of a material
until only a NP remains. The more convenient method, especially on a commercial scale, is
to use the bottom-up approach where a NP is “grown” from simple molecules.
In the past decade, various methods have been employed to produce nZnO. For
example, nZnO was synthesized in DDI or 2-propanol (Bahnemann et al. 1987). In these
media, the control of the temperature and time is important. Jing et al. reported a thermal
decomposition method to prepare nZnO by calcining Zn5(CO3)2(OH)6 at different
temperatures (Jing et al. 2002; Wang and Gao 2003). The solid-vapor method, the starting
materials vaporized and condensed into NPs under certain conditions (Wang 2004).
Four methods for synthesis of CuO NPs have been widely used: microwave-assisted
synthesis (Liang and Zhu 2004); precipitation-pyrolysis method (Fan et al. 2004);
hydrothermal route (Li et al. 2004); sol-gel method with calcination (Viano et al. 2003).
The general methods used to synthesize nTiO2 or titania-coated NPs include a sol-gel
(Beydoun et al. 2000; Kormann et al. 1988; Lee and Liu 2002; Sugimoto and Zhou 2002),
hydrothermal, and microemulsion methods (Wang et al. 2008). The hydrothermal synthesis
using an autoclave to achieve high temperature and pressure conditions produced highquality powders but continuous processing was impossible (Vadivel, Samuel, and Ravi
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2006). Titanium alkoxides or inorganic salts were used as precursors in the sol-gel method
(Lee and Liu 2002).
To synthesize nFe2O3, the sol-gel method and a solid phase synthesis have been
reported. In 1977, Matijevic and Scheiner have reported the synthesis of α-Fe2O3 by the solgel method (Matijevic E. and Scheiner P. 1977). Control factors, such as the concentration or
choice of the precursors, acidic conditions were explained. The nucleation occurred during
the addition of an alkaline solution to a FeCl3 solution at room temperature, and the control
of the size of hematite particles was possible by regulating the excess concentration of ferric
ions or pH during the nucleation stage (Sugimoto et al. 1998; An et al.2005). The solid-state
thermal transformations of iron-containing materials to generate nFe2O3 produced admixture
of other formation of Fe2O3 (Zboril et al. 2002; Basumallick and Sarkar 2006).
Among three different HgS crystal structures, α-HgS (cinnabar, trigonal type,
hexagonal unit cell) and β-HgS (metacinabar, zincblende type, and cubic unit cell) have been
most intensively explored. Practical and facile methods to synthesize nano-scale metal
chalogenides (HgS) are still a challenge. Many effective methods have been established, such
as chemical deposition (Kale and Lokhande 1999), solvothermal (Zeng et al. 2001; Wang
and Zhu 2004), hydrothermal (Qin et al. 2005, Chen et al. 2005) (Ding and Zhu 2003),
photochemical (Ren et al. 2005), wet chemical (Mahapatra and Dash 2006), and
electrochemical (Patel et al. 2007). Surfactants were introduced to stabilize nHgS at room
temperature (Zhang et al. 2004). However, the nanocrystals synthesized by sonochemical
method were of irregular shape, aggregated and had a wide size distribution. High
temperature methods tend to add structural defects. In current room temperature methods, the
particle morphology was difficult to control and large irregular particles were present.
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Avoiding toxic gas and reagents during the synthesis was also a concern (Zeng et al. 2001).
Therefore, a better synthesis method is needed to improve the process and generate better
quality nHgS.
Sol-gel methods are used widely. The size of the NP may be controlled in a number
of ways, such as limiting the concentration, functionalizing the surface of the particle or
using a micelle to template the growth (Christian et al. 2008). The general synthetic approach
to gain the nZnO, nTiO2, nFe2O3, nCuO and nHgS used in this work was the sol-gel method.
Figure 2-1 shows the overall steps in a sol-gel synthesis and parameters that were typically
manipulated to influence particle size distribution and uniformity. Modifications were made
to get higher purity and well shaped nano-scale particles. NP size and morphology changed
with temperature, mixing conditions, calcination conditions, precursors, ionic strength, and
reaction medium.
Precursor chemicals

Liquid media

Particle production

• Temperature
• pH
• Surfactant
• Aging time
• Concentration

• Centrifuge/ Washing
• Dry/ anneal
Figure 2-1. Sol-gel synthesis procedures for metal oxide NPs.
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In order to determine material crystal structure, morphology, nanostructure and
elemental composition, and evaluate their photo absorption activity, all the five types of
synthesized NPs were characterized by a series of techniques in this research, such as X-ray
diffraction (XRD), UV-visible spectrophotometry, BET surface area, transmission/scanning
electron microscopy (TEM/SEM), Energy dispersive X-ray spectroscopy (EDS), and X-ray
photoelectron spectroscopy (XPS). It has been already well established for macroscopic
metal-oxide particles that terminal oxygen atoms react with water, forming hydroxylated
surface-functional groups that impart a pH dependent surface charge on the oxide phase,
resulting in the development of an electric potential gradient between the metal oxide surface
and the bulk solution, namely the electric double layer (EDL) (Stumm and Morgan 1996). If
the surface characteristics and ion coordination and/or geometry of nanoscale metal-oxide
particles indeed changed with particle size, then this may result in different surface reactivity
and charging behavior, including different pH values for the point of zero net proton charge
(pHznpc) and isoelectric pH (pHiep) relative to macroscopic crystals (Ridley et al. 2006).
Experiments were conducted to quantitatively evaluate the surface charging behavior and to
determine the pHpzc values of nanocrystalline ZnO, TiO2, CuO, Fe2O3 and HgS.

2.2 Experimental Section

2.2.1 Materials
All chemicals were of analytical grade or higher purity, were obtained from Sigma,
VWR or Merck and used without further purification. The primary precursors used to
synthesize these five types of NPs were zinc acetate dihydrate (Zn(OAc)2·2H2O), copper
nitrate (Cu(NO3)2), titanium isopropoxide Ti(C12H28O4), titanium tetrachloride (TiCl4), iron
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(III) chloride hexahydrate (FeCl3·6H2O), mercuric chloride (HgCl2), sulfur powder (S),
sodium hydroxide, and high purity organic solvents as media. High purity nitrogen gas was
introduced to remove O2 during nHgS synthesis. The water employed in all preparations was
purified by a Milli-Q system (Millipore) resulting in a resistivity of ≥16 MΩ cm. P25 TiO2
powder was a gift by the Degussa Corp. The other commercially available NPs, nZnO,
nCuO, nFe2O3 that have been used were purchased from Sigma-Aldrich.
Stock standard inorganic mercury solution is mercury atomic absorption standard
1000 mg/L of Mallinckrodt Inc. Standard organic mercury is thimerosal powder of MP
Biomedicals, Inc. Standard sediment sample (SRM 2704) was purchased from NIST.
Standard reference materials were certificated by National Institute of Standards and
Technology (NIST).
The experimental solutions for the titrations were prepared from NIST traceable
titrants, including HCl (0.1 and 0.01 mol/L) and low-carbonate NaOH (0.1 and 0.01 mol/L),
obtained from VWR. Base titrants were stored under nitrogen after opening. Analytical grade
NaNO3 crystals were obtained from VWR. Solution was prepared at 0.1 M. NIST traceable
pH buffers from VWR were used for the calibration of the pH meter.
Filters used in vacuum nanofiltration were 20 nm PTFE filters purchased from VWR.
The ultrasonication bath was Branson® 5510 and operation at 185 Watt. A Manostat
cassette® pump used in the synthesis to control the synthesis speed. The tubes used in
syntheses were silicone and had 1.7 mm inner diameter.
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2.2.2 NPs Synthesis
Preparation of nZnO in ethanol, or isopropanol. For a typical preparation, 8 g of
Zn(OAc)2·2H2O (zinc acetate dihydrate) was dissolved in 80-90 mL of solvent under
vigorous stirring at room temperature and subsequently diluted to a total volume of 920 mL.
Base (80 mL of 0.02 M NaOH in the solvent dissolved with sonication) was then added over
a time period of one minute under continuous stirring. The mixture was then immersed for a
few hours into an ice and/or water bath followed by heat. The temperature was increased
from 0°C to 25°C. The white precipitate generated was collected by vacuum filtration. A
time efficient alternative was to centrifuge the mixture at 3000 rpm for 30 min. Then, it could
be washed by the solvent and dried in the air.
Preparation of nCuO in water. Nano-sized CuO was synthesized by base-hydrolysis
of Cu(NO3)2 (Punnoose et al. 2001). This involved reacting aqueous solutions of copper
nitrate and sodium hydroxide. Base (0.5 M NaOH) was added dropwise to a copper nitrate
solution (9 gram per 900 mL DDI water under vigorous stirring and at room temperature
until the pH reached 10. Aliquots were centrifuged at 2500 rpm for 30 min to separate the
suspension. The resulting gel was washed several times with distilled water until free of
nitrate ions and dried in air. Different calcination temperature and time could impact the NP
size. The annealed samples were cooled slowly to room temperature.
Preparation of nTiO2 in water, ethanol, isopropanol. In a typical synthesis, 7 mL
TiCl4 (titanium tetrachloride) or titanium isopropoxide was slowly added to 1L solvent
controlled by ice and/or water bath under vigorous stirring and then kept for few hours. At
room temperature, precipitation of TiO2 occurred within a few hours. To isolate the white
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shiny powder, aliquots were centrifuged and vacuum filtered using 20 nm pore size. The
product was washed with 0°C DDI water, and then dried at 300°C for 24 hours.
Preparation of α-Fe2O3 NPs in water. To obtain colloids of nanometer sizes,
Mulvaney’s method (Mulvaney et al. 1988) was adopted. DDI water (450 mL) was heated
until vigorously boiling; 50 mL of freshly prepared 0.02 M FeCl3 solution was added by
peristaltic pump at a rate of one drop per second. The sol rapidly turned golden brown and
finally deep red. After boiling for a further 5 min, the sol was allowed to cool to room
temperature and then dialyzed for 72 h against DDI or HClO4 at pH=3.5. The modified
method to synthesize nFe2O3 method was to use ultrasonication. First, FeCl3·6H2O was
dissolved in DDI water, then the pH was adjusted by NaOH (1.4 gram sodium pellet
dissolved in 50 mL DDI) solution dropwisely. The reaction was under sonication. The
product was filtered by 20 nm membranes, washed with DDI and dried in the air.
Preparation of nHgS. In a typical procedure for preparing nano-sized metacinnabar,
mercury chloride was used as the mercury source; sulfur powder was employed as the
chalcogenide source. A solution of 1.0 gram HgCl2 in 50mL ethanol was prepared using
magnetic stirring. Sulfur powder (0.3 g) was added directly to the HgCl2 solution all at once
and then diluted to 200 mL by pentane or hexane, well mixed. This solution was placed in a
sonication bath under nitrogen purge. After about one-half hour, the sulfur powder tended to
disperse very well. NaOH (0.3g) was dissolved in 50 mL ethanol solution using
ultrasonication to speed dissolution. A peristaltic pump was used to add NaOH dropwise into
the HgCl2 and sulfur mixture while maintaining nitrogen purging and sonication. As the pH
increased, the solution changed from yellow to orange yellow to red, and finally a black
precipitate appeared in 30 minutes. The final product was centrifuged, washed in ethanol,
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pentane or hexane and dried at 60 °C under N2 atmosphere for three days. The versatility of
this method could be extended to other transition metal compound nanostructures. For
comparison, nHgS synthesized in the presence of Triton X-100 (TX-100) surfactant
(Mahapatra et al. 2006) as well. The HgCl2 solution (0.001 M 20 mL) was prepared in the
flask. Dropwise addition of 20 mL 4% TX-100 to the HgCl2 solution under vigorous stirring
was done over 10 minutes. Thiourea (20 mL 0.001 M) was added and a transparent solution
was generated. The pH was adjusted by ammonia (50µL 3 M). The final solution was pale
yellow.

2.2.3 Mercury Analytical Methods
A flow injection cold vapor atomic absorption spectrometry (FI-CV-AAS) method
was used to determine inorganic mercury and total mercury in several types of samples. The
FI-CV-AAS methods were characterized by high efficiency, low sample volume and reagent
consumption, and improved tolerance of interference (Guo and Baasner 1996)
Figure 2-2 shows a schematic diagram of the FIMS-100 (FIMS manual). CV-AAS is
based on the chemical reduction of mercury ions to elemental mercury, usually with stannous
chloride or sodium borohydride as the reductant. The sample (500 µL or 700µL) is injected
in an acid carrier stream and subsequently mixed with the reducing agent. The elemental
mercury is swept out of the solution with a carrier gas (Ar or N2) into a quartz cell, where the
atomic absorption of mercury at 253.7 nm is measured. The flow rate at which nitrogen is
introduced into the FI system should be enough to efficiently carry the mercury vapor into
the quartz cell. The optimized values of FI parameters obtained in this work are summarized
in Table 2-1. The absorbance of 5 ug/L (or ppb) inorganic mercury standard solution with
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700µL injection showed the best absorbance when 1.5% w/v SnCl2 in 3% v/v HCl was used,
as shown in Figure 2-3.

Figure 2-2. Schematic diagram of the FIMS-100 (FIMS manual).
Table 2-1. Optimization of FIMS-100 flow parameters.
Concentration
Ar (Carrier gas)

--

Optimized flow rates
(Manufacture recommended rates)
67 mL/min(70-80 mL/min*)

HCl (Carrier solution) 3% v/v

7 mL/min(9 mL/min*)

SnCl2 (Reductant)

1.5% w/v in 3% HCl

3.8 mL/min (5-6 mL/min*)

Waste

---

12 mL/min (14 mL/min-17 mL/min*)

* Guo and Baasner 1996
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Figure 2-3. Optimal concentration of the reducing agent.
In CV-AAS methods, inorganic mercury can be determined by stannous chloride as
reducing solution, while total mercury can be determined using sodium borohydride as
reducing agent (Rio Segada and Bendicho 1998). The stannous chloride reducing agent in
acid medium reduced only inorganic mercury under typical conditions, whereas total
mercury can be determined by prior oxidation of all organomercury species into inorganic
mercury or by using sodium borohydride as reducing agent. Organomercury is usually
determined by difference. However, use of borohydride as the reductant results in excessive
bubble formation in the measurement system, leading to unstable flow rates. Therefore, EPA
Method 1631 (USEPA 2002) was used for all BrCl-oxidizable mercury forms and species
found in unfiltered or filtered aqueous solutions. These species include Hg(II), Hg(0),
strongly organo-complexed Hg(II) compounds, adsorbed particulate Hg, and several
covalently bound organo-mercurials. Bromine monochloride (BrCl) was prepared in a fume
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hood, by dissolving 27 g of reagent grade KBr in 2.5 L of low-Hg HCl. Place a clean
magnetic stir bar in the bottle and stir for approximately 1 h in the fume hood. Slowly add 38
g reagent grade KBrO3 to the acid while stirring. When all of the KBrO3 has been added, the
solution color should change from yellow to red to orange. Loosely cap the bottle, and allow
to stir another hour before tightening the lid. Aqueous samples were typically collected and
filtered immediately through a 0.2 µm membrane. A small amount of BrCl solution was
added to give a final concentration of BrCl of 0.45 mM. As described in EPA Method 1631,
all organic mercury species are decomposed into inorganic Hg2+ after several hours of
digestion at room temperature. Excess BrCl is eliminated by adding a few drops of 5% w/v
hydroxylamine hydrochloride (NH2OH·HCl) solution until the yellowish color disappears
and total mercury is then determined by FIMS.
Method performance in this work is summarized in Table 2-2. The detection limit
was defined as three times the standard deviation from 10 replicate analyses on a reagent
blank. Relative standard deviation (RSD) of 10 µg/L mercury samples was measured for
three replicates. A recovery study was conducted for standard reference sediment samples.
Table 2-2. Precision and recovery for mercury sample.
This work

PE recommend value*

Detection limit (700µL loop)

15 ng/L

<5 ng/L

Linearity range

0~20 µg/L

0~20 µg/L

RSD (10 ug/L /3replicates)

1%

2%

Repeatability (5 ug/L in 4 hrs)

<5%

---

Recovery (Hg spike in sediment sample) n=4 100±4% (3 µg/L) 100±4% (10 µg/L)
*Guo and Baasner 1996
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2.2.4 NPs Characterization Methods
To make an evaluation of the environmental chemistry of nZnO, nCuO, nTiO2,
nFe2O3, and nHgS, all of the synthesized or purchased NPs underwent physical and chemical
characterization.
For particle morphology and crystallite size, transmission and scanning electron
microscopy (TEM/SEM) (Hitachi HD-2000, 7600) was used. NPs were suspended in
absolute ethanol solution, and deposited on a Cu (or Au for nCuO) grid with a holey carbon
film and dried at 35°C overnight. The TEM or SEM images were used to determine the
particle size. An elemental composition analysis was performed using energy dispersive Xray spectroscopy (EDS), which was always analyzed along with TEM measurements. For the
accurate measurement of trace elements on the material surface and oxidation states, an Xray photoelectron spectroscope (XPS) (Kratox 165 Axis) was used.
X-ray diffraction (XRD) analysis using a Scintag XDS 2000 with Cu Ka (λ=1.5406
Å) radiation was employed to determine the crystal structure and particle size. It was
operated in the step scan mode, at scanning speeds of 0.05°/ 0.5s and 1 second step time over
the range 5° to 90°. Compared with standard reference spectra, the crystal structure was
identified. Particle size was calculated by line width analysis. Debye-Scherrer’s equation was
used to determine the particles size of nZnO, nCuO, nTiO2, nFe2O3 and nHgS crystal:
D=

kλ
………………………………………………………………………2-1
β cosθ

where D is crystallite particle size in nm, k is a constant of 0.94, λ is the X-ray wavelength
(0.154nm), β is the half maximum line width, and θ is the Bragg angle.
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UV-visible absorbance was measured using a UV-visible spectrophotometer
(Shimadzu UV-2501 PC) to determine the semiconductor particle bandgap energies and
evaluate their light utilization characteristics. For semiconductor nanocrystals, the stability of
the NP suspension in aquatic system could be monitored by UV-vis measurement. Powder
samples were suspended in DDI water or ethanol, and spectra were collected in the range
from 200 nm to 800 nm against a background solution. The Tauc plot method using the
equations below was followed to estimate the bandgap energies of the semiconductor NPs
(Tsunekawa and Fukuda 2000).
OD = log(

I0

I

) …………………………………………………………………….2-2

d = (lC ) ………………………………………………………………………….2-3

ρ

Where OD is optical density (the UV-Visible absorbance), I 0 and I are the light intensities
before and after transmission, respectively, d is the effective pathlength in nm, C is the
constant concentration of the suspensions (2 g/L), l is the cell pathlength (10 mm), and ρ is
the density (g/L).
E phot = 1239 λ ………………………………………………………………….2-4

where Ephot is the photon energy in eV and λ is the wavelength in nm,

α = OD d ………………………………………………………………………….2-5
where α is the absorption coefficient. The energy intercept of a plot of (αEphot)2 versus Ephot
is an estimate of the energy gap for a direct transition. The value of Ephot extrapolated to α=0
gave an absorption edge energy which corresponds to the semiconductor bandgap (Eg ).
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A Micromeritics ASAP 2010 surface area analyzer was used to determine structural
characteristics including BET surface area, porosity and pore size using nitrogen adsorption
and desorption isotherms.
The aggregation was determined by measuring the hydrodynamic radius of the cluster
of NPs provided by DLS instrument (Coulter N4 Plus). Dynamic light scattering measures
Brownian motion and relates this motion to the particle size. The effective size distributions
of NPs in dilute suspensions were determined using dynamic light scattering (DLS). The
refractive indexes of the NPs were 2.0 for ZnO; 2.705 for nCuO; 2.7 for nTiO2; 3.042 for
nFe2O3 and 3.0 for nHgS (Palik 1998). The first measurement was preceded by sonication of
the aqueous NP suspension (0.2 g/L) about 15 minutes; approximately 5 minutes elapsed
between subsequent measurements without further sonication.
Titration experiments were conducted to determine the acid-base properties of
commercial metal oxide and synthesized mercuric sulfide NPs suspensions. The
experimental system for potentiometric titrations utilized a Metrohm 836 Titrando computer
controlled titration system. NP products were washed by DDI; and then dried in the air
overnight or longer. Solutions for titration were suspensions of approximately 2 g/L in 0.1 M
NaNO3 which were sonicated (70 W Branson 1510R-MT) for 30 minutes. After the
headspace was purged with N2 to prevent CO2 contamination, the titration cell was sealed
and immersed in a water bath at 22°C (±1°C). Furthermore, the solutions were stirred
mechanically at all times. The NP suspension test solutions were allowed to equilibrate for at
least 5 hours at temperature before starting the titrations. Dosing was done by volume
increments 0.1 mV/ addition. Subsequent additions were made after an electrode stability
reading of 0.1 mV/ min or 1800 seconds delay, whichever criteria was met first. The dosing

31

rate was set at maximum to avoid the back-flow of the electrode. In all potentiometric
titration a Ross combination glass electrode was used; these electrodes contain porous
ceramic reference junctions. The pH(pzc) is the point where the net acid concentration is zero
in the net acid ([H]-[OH]) vs. pH figure.

2.3 Results and Discussion

2.3.1 The synthesis for nZnO

2.3.1.1 The influence of the precursor concentration
Following the nZnO synthesis procedure described earlier, only the concentration of
the precursor (Zn(Ac)2·2H2O) was adjusted to test the final product. The size of the primary
particle is slightly different, but the aggregation increased with increasing precursor
concentration. With Zn(OAc)2 present at 12.28 mmol in the synthesis, the product shows
more discrete NPs, while as the concentration increased to 36.84 mmol, three times higher,
there was more aggregation of NPs in the final product

shown in Figure 2-4. The

aggregation shows 122 nm×80 nm or larger size in the product generated from the higher
precursor concentration. However, in the image of the product generated from the 12.28
mmol precursor, the particles present discretely. However, the aggregation could be
influenced by the sample preparation process.
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Figure 2-4. TEM images showing the influence of precursor concentration on the nZnO.
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2.3.1.2 The influence of the synthesis conditions
In the synthesis of nZnO, the final particle size depends significantly on conditions
such as the temperature and time. Figure 2-5 shows the nZnO particle size increasing when
temperature changed over time. The synthesis of nZnO was carried out in ice bath and
temperature was controlled at 0 °C which was essential to the nucleation. The wavelength of
nZnO absorbance was monitored through the experiments. The absorption onset was about
330 nm in the first 30 minutes. As the ice melted, the temperature increased to room
temperature over 12 hours. The UV-visible wavelength increased from 330 nm to 355 nm at
25 °C until 24 hours. However, as the particles remained in ethanol at 25 °C over a few days,
the particle size got stabilized, and the wavelength of absorption onset stayed at 360 nm. A
similar phenomenon was observed in a former study (Bahnemann et al. 1987).
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Figure 2-5. UV- visible spectra during nZnO particle size grow-up.
2.3.1.3 The final synthesis method of nZnO
The modified synthesis method of nZnO is shown in Figure 2-6. About 2.5 g of the
precursor Zn(Ac)2 was added to obtain the final concentration at 12 mM. The synthesis
media was ethanol. The ice bath was used to maintain the temperature at 0 °C in the one
minute mixing step. After the base solution was added, the reaction was stirred for a few
hours. As the ice melted, the solution temperature increased to room temperature (~25 °C),
the reaction was under stirring. The products were washed by ethanol three times and
followed by centrifugation at 3000 rpm for 30 minutes to separate the solid phase. The solid
white cake was dried in air and generally ground up before the characterization.
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2.5 g Zn(Ac)2·2H2O dissolved in 80~90ml of ethanol at
50 °C vigorous stirring, then diluted to 920ml

80ml of 0.02M NaOH dropwised
dissolved ethanol by ultrasonic

vigorous stirring, at 0 °C in 1 minutes
Equilibrium in water bath from 0 °C to 25 °C in a few hours

Centrifuged at 3000 rpm for 30 minutes

3 times washed with ethanol

Dried in air

Pulverized

Figure 2-6. nZnO final synthesis procedure.
2.3.2 The synthesis for nCuO

2.3.2.1 The influence of the calcination conditions
Proper calcination temperature and time were essential to get well separated and well
shaped nCuO particles. If the calcination temperature and time were not high and long
enough, Cu(OH)2 remaining from the sol-gel synthesis would appear as an impurity in the
nCuO product. The XRD spectra of nCuO calcined for 3 hours at 200°C and for 10 hours at
300°C are shown in Figure 2-7 along with standard spectra for Cu(OH)2 and CuO. The
spectra shows the typical peak of Cu(OH)2 at 25º and an unknown compound at 27.4º are the
evidence of the uncompleted calcined condition. SEM comparisons of nCuO at these two
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calcined conditions are shown in Figure 2-8. The degree of the nCuO aggregation was even
reduced after longer time and higher temperature calcinations.

2.3.2.2 The final synthesis method of nCuO
The modified synthesis method of nCuO is shown in Figure 2-9. Copper nitrate was
used as the nCuO precursor. The base solution was 2 g/L NaOH. The pH of the solution was
monitored to reach 10 under stirring. After the precipitation, the sample was washed and
centrifuged three times. The calcination temperature and time were set at 300 °C for 24
hours. The final product was ground up before further analysis.
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Figure 2-7. XRD patterns of nCuO prepared with different calcination conditions and standard XRD spectra of CuO.
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Figure 2-8. SEM images of nCuO prepared under two calcination conditions.
9 g Cu(NO3)2 dissolved in 900ml DDI

2 g NaOH dissolved in 100ml DDI

Dropwise & Stirring

until pH=10

Centrifuged at 2500 rpm for 30minutes

3 times washed with DDI water

Calcination at 300 °C for 24 hours

Pulverized

Figure 2-9. nCuO final synthesis procedure.
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2.3.3 The synthesis for nTiO2

2.3.3.1 The influence of the precursor source
The high price of alkoxide reagents limits the commercial methods using titanium
alkoxide as the precursor to produce the nTiO2. Both titanium isopropoxide Ti(C12H28O4) and
titanium tetrachloride (TiCl4) were used as precursors to synthesize nTiO2. XRD was used to
examine the purity and crystal structure as shown in Figure 2-10. The prominent
crystallographic planes of the nTiO2 from these two precursors matched each other. The
intensities and positions of the peaks were comparable. There was no significant different
between the particles generated by methods using these two precursors.
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A

B

Figure 2-10. XRD patterns of nTiO2 using Ti (C12H28O4) (A) and TiCl4 (B) as the precursor.
40

41

2.3.3.2 The influence of the calcination conditions
In order to obtain TiO2 NPs of the anatase structure, newly formed particles must be
calcined at high temperatures. Figure 2-11 shows the SEM and TEM images of nTiO2
without and with calcinations. Without calcination, the size of the TiO2 product was larger
than 100 nm with irregular shape. After calcination under 100 °C for 24 hours, the primary
nTiO2 has smaller fine particles.

Figure 2-11. SEM and TEM images of nTiO2.
2.3.3.3 The final synthesis method of n TiO2
The final method to synthesize nTiO2 is summarized in Figure 2-12. Titanium
isopropoxide was used as the precursor to generate nTiO2. The pH adjustment during the
nTiO2 synthesis was controlled by adding concentrated NaOH solution to pH 10. The
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reaction was conducted in an ice bath and kept the temperature at 0 °C. The solution was
mixed for 1 hour and then centrifuged for 30 mintues at 3000 rpm. The white cake was
washed by cold DDI three times. Calcination conditions were set for 24 hours at 100 °C. The
final product was generally ground for future use.
Titanium isopropoxide (7ml)
Dropwise added concentrated NaOH
until pH=10 & stirring
0 °C DDI water
Keep mixing for 1h
Centrifuged at 3000 rpm for 30 minutes

3 times washing by 0 °C DDI

Calcination at 100 °C for 24 hours

pulverized

Figure 2-12. nTiO2 final synthesis procedure.

2.3.4 The synthesis for nFe2O3

2.3.4.1 The influence of the dialysis media
In the synthesis of nFe2O3 based on hydrolysis of FeCl3, the final solution is dialyzed
against HClO4 solution (pH≈3) (Mulvaney et al. 1988). Since even low concentrations of
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perchlorate ions could negatively impact NP toxicity tests (performed by collaborators), DDI
water was chosen to avoid the possible influences.

2.3.4.2 The comparison of two synthesis methods
The first method to synthesize nFe2O3 is modified Mulvaney’s method (Mulvaney et
al. 1988) as shown in Figure 2-13. Adding 50 mL 0.02 M FeCl3 solution to boiling water
generates golden brown solution. The water is kept boiling for another 5 minutes. The
solution is turn in to deep red. The final solution is dialysed against DDI water which is
different from the Mulvaney’s method. The second method is by sonication shown in Figure
2-14. The precursor, FeCl3 solution, is same as in dialysis method. The pH of the solution is
adjusted by NaOH dropwise adding. The final precipitation is washed by DDI on vacuum
filtration with 20 nm filters. The product is air dried overnight.

Figure 2-13. nFe2O3 synthesis procedure by dialysis method.
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Figure 2-14. nFe2O3 synthesis procedure by sonication method.
The properties of the nFe2O3 generated from these two methods were compared by
XRD spectra and BET measurement. The XRD patterns shown in Figure 2-15 illustrate that
the final products are nano-sized hematite with comparable size and purity. The predominant
diffraction peaks at 33.0º, 35.5º, 40.8º, 49.5º, 53.8º, 62.5º and 63.5º. The other impurity peak
was insignificant in both methods. The surface areas were 82.8 m2/g and 56.6 m2/g for n
Fe2O3 generated by dialysis and sonication method respectively. The nFe2O3 formed from
dialysis procedures has higher surface area than the one from the sonication procedure. The
other benefit from the sonication synthesis method is the yield was higher than the dialysis
method. Following the dose listed in Figure 2-13, there is only less than 0.5 g of nFe2O3
generated each batch. However, the sonication process can provide more than 1 g of the final
nFe2O3 in each batch. Therefore, the efficient sonication method was chosen to produce
nFe2O3 for further experiments.
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A

B

Figure 2-15. XRD patterns of nFe2O3 generated by dialysis (A) and sonication (B) method.
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2.3.4.3 The Final synthesis method
The method to synthesize nFe2O3 is sonication process illustrated in Figure 2-14. The
reaction was carried out and particles equilibrate in the ultrasonication bath over a few hours.
The base solution addition led to the red precipitation. The product was washed by DDI using
vacuum filtration by 20 nm filters and air dried over one day.

2.3.5 The synthesis for nHgS

2.3.5.1 The pH influence
The pH of the medium was very important. The exact amount of sodium hydroxide
was listed in each synthesis procedures description. For example, if the reactions were
performed in the absence of sodium hydroxide; no HgS NPs were generated. If there was no
enough base added, the final color of solution was nacarat and milky white which was
indicative of the formation of HgO or others solid forms. Therefore, the reaction pH
condition played an important part in the synthesis.

2.3.5.2 The influence of the surfactant
In most NP synthesis methods described in the literature, some surfactant is added to
disperse the aggregated NP. For example, nHgS was synthesized by the procedure using TX100 as the surfactant (Mahapatra et al. 2006). From the UV-visible spectrum comparison,
lower the maximum absorbance wavelength corresponded to smaller particle size (Figure 216). The particle size of nHgS synthesized with surfactant was smaller than the NPs
generated from the sonication method. However, the surfactant has potential impact on the
examination of nHgS environmental behavior. Although it gave better NP performance, they
are not the formation when NP present in the environment.
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Figure 2-16. UV-visible absorbance spectrum of nHgS in surfactant.
To determine the purity and crystal structure of the as-synthesized nHgS, XRD
measurements were carried out. The XRD patterns of the as-synthesized HgS NPs with and
without sonication treatment are shown in Figure 2-17. The prominent peaks of the assynthesized nHgS correspond to crystallographic planes (111), (200), (220), and (311). Table
2-3 and Table 2-4 listed the standard diffraction peaks of metacinnabar and cinnabar. The
intensities and positions of the peaks were in agreement with the standard pattern (JCPDS
card No. 75-1538) of metacinnabar or β-HgS. No significant impurity peaks were detected.
From the XRD crystal structure of the synthesized nHgS, the spectra were significantly
different from the mercury oxide, which has standard pattern (JCPDS card No. 72-0520) at
30.6º, 35.6º etc. Therefore, the product was high pure β-HgS.

2.3.5.3 The influence of the sonication

48

Sonication conditions were essential to facilitate the generation of smaller size of
nHgS. Note the full width at half maxima (FWHM) of XRD peaks are broadened as the
crystalline size becomes smaller. The average crystalline size of the HgS sample was
estimated from the (111) peak with 2 θ at 26.2º using the Debye-Scherrer equation (2-1).
Comparing the nHgS synthesized with/without sonication, the average size of the HgS NPs
were approximately 11 nm and 17 nm, respectively.
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Figure 2-17. XRD patterns of nHgS.
Table 2-3. Standard XRD peaks of metacinnabar.
Plane
2θº
Metacinnabar

111

200

220

311

222

26.2º

30.6º

43.7º

51.9º

54.2º

Table 2-4. Standard XRD peaks of cinnabar.
Plane
2θº
Cinnabar

100

101

003

102

103

26.2º

28º

31.1º

43.4º

45.6º

2.3.5.4 The influence of the nitrogen purging
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During the synthesis of nHgS, nitrogen gas was used to purge air from the solution to
avoid oxidation. XPS was used to investigate the composition and purity of as-prepared HgS
NPs, in particular the surface composition. In the XPS spectrum shown in Figure 2-18, it can
be observed that the C (1s) peak from carbon contamination lies at 286~287 eV. This peak is
known to occur at 284.6 eV and the difference is used to correct the energy axis. All the other
peaks were corrected accordingly as shown in Table 2-5 and 2-6 for quantification. No other
peaks of impurities were detected, except O2, indicating high purity of the products. After
introducing nitrogen purging to the synthesis, the oxygen component was reduced
significantly, from 24.8% to 6.1%. The atomic concentration ratio of Hg (4f) and S (2p) is
31: 25, which showed that the surface of the products was a slightly rich in mercury. Similar
results have been reported previously (Wang and Zhu 2004).
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Figure 2-18. XPS spectrum of nHgS.
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Table 2-5. XPS quantification report for nHgS without N2 purge.
Peak

Position (eV)

Corrected position (eV)

Raw Area (CPS)

Atomic Mass

Atomic Conc %

O 1s

532

530.6

12234.7

15.999

24.83

C 1s

286

284.6

9258.3

12.011

49.77

S 2p

163

161.6

4294.4

32.065

9.57

Hg 4f

102

100.6

72400.0

200.596

15.83

Table 2-6. XPS quantification report for nHgS with N2 purge.
Peak

Position (eV)

Corrected position (eV)

Raw Area (CPS)

Atomic Mass

Atomic Conc %

O 1s

533

530.6

2725.0

15.999

6.08

C 1s

287

284.6

6365.3

12.011

37.63

S 2p

165

162.6

10176.4

32.065

24.95

Hg 4f

103

100.6

130366.7

200.596

31.34

2.3.5.5 The final synthesis method
A sol-gel method was used to synthesize nHgS using HgCl2, sulfur powder and
NaOH as precursors as shown in Figure 2-19. The vital condition was the use of sonication to
get smaller size nHgS particles and N2 purging to avoid oxidation.

51

N2 purge

peristaltic pump

HgCl2+S
in
ethanol& pentane

NaOH in
ethanol

sonication
Figure 2-19. nHgS final synthesis procedure.
On the basis of these observations, a possible pathway for nHgS formation is
proposed. Mercuric chloride can be dissolved in ethanol. Sulfur was partly dissolved and
well dispersed in pentane. In the solution, elemental sulfur can be partly found as S2-. The
reaction of S2- with HgCl2 produced HgS precipitates at certain pH conditions. After the
initial nucleation of HgS, the very small particles grew into nanocrystals. These nanocrystals
have a tendency to aggregate. When suspensions are irradiated with ultrasound irradiation,
acoustic cavitations (the formation, growth, and implosive collapse of the bubbles) provide
the primary sonochemical effects. During cavitation, bubble collapse produces intense local
heating, high pressures and extremely rapid cooling rates. These transient, localized hot spots
drive the formation of particles of much smaller size. With nitrogen purging to exclude
oxygen from the synthesis system, oxidization was minimized, which is particularly
important given the large surface area of NPs.
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2.3.6 Characterizations

2.3.6.1 The summary of nZnO properties
The laboratory synthesized nZnO was generated from the final method described
above. The primary nZnO has spherical shape and the diameter is about 5-20 nm determined
by TEM images shown in Figure 2-4. Figure 2-20 shows the EDS pattern of nZnO, obtained
during TEM analysis, which identified the elemental composition of the product. In the
elemental compositions, oxygen and copper might come from the sample mesh. Otherwise
there were few impurity found by EDS. The XRD pattern shown in Figure 2-21 identified the
crystal structure of the synthesized nZnO was wurzite. The primary particle size calculated
from Debye-Sherrer equation (2-1) is 7.0 nm which is comparable with the TEM result.
Figure 2-22 is the UV-visible spectrum and Figure 2-23 is the energy plot for the bandgap
calculation. The bandgap of nZnO is 3.3 eV calculated by equation 2-2 to 2-5. A bulk
material bandgap of 2.34 eV was reported by Senger and Bajaj (2003). Increasing bandgap
energy as the particle size decreases indicates the size quantization effects. The surface area
of the nZnO product is 55.1 m2/g. Average size of nZnO aggregates in aqueous solution is
monitored by DLS. Figure 2-25 (B) shows the size distribution in triplicate measurement.
The aggregation size decreased through the 15 minutes measurement. The average size is
869.1±659.9 nm.
For comparison, some properties of the commercial nZnO generated by flame
synthesis method, are obtained from the vendors (Sigma-Aldrich nanomaterials technical
documents 2009). The average particle size is 53 nm. The surface area is 21 m2/g. The purity
is about 97.5%. The SEM image is shown in Figure 2-24. The particles are highly aggregated
in few hundred nanometers. The aggregate size and surface acid-base properties were
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measured in the laboratory. The average size of the aggregation is 308.8±116.0 nm. The
triplicate measurement is shown in Figure 2-25 (A). The point of zero charge was obtained as
8.1 shown in Figure 2-26, compared with the reported value at 7.7(Kormann et al.1988).
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Figure 2-20. EDS spectrum of nZnO.

Figure 2-21. XRD pattern of nZnO.
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Figure 2-22. The UV-visible absorbance spectrum of the synthesized nZnO
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Figure 2-24. SEM image of the commercial nZnO.
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Figure 2-25. Aggregate size distribution of commercial (A) and synthesized (B) nZnO.
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2.3.6.2 The summary of nCuO properties
Using the final method, the laboratory synthesized nCuO was generated. TEM image
illustrated in Figure 2-27 shows the primary nCuO has oval shape and the size is about
20×40 nm. The element composition is shown in Figure 2-28. The sample meshes used to
carry out EDS and TEM measurement were made of gold. There is no other significant
contaminants detected. The XRD pattern has been present in Figure 2-7. The crystal structure
is tenorite compared to standard reference spectrum. The surface area is 23.6 m2/g. The
average aggregation size is 461.5±329.7 nm which was calculated from the triplicate shown
in Figure 2-30 (B).
Following characterization of the commercial nCuO generated by flame synthesis
method, are obtained from the vendors (Sigma-Aldrich nanomaterials technical documents
2009). The primary particle size is 33 nm. The surface area is 29 m2/g. The purity is about
98%. The SEM image of commercial nCuO is shown in Figure 2-29. The aggregation and
surface acid-base properties were measured in laboratory. The average size of the
aggregation is 192.3±54.7 nm. The triplicate measurement is shown in Figure 2-30 (A). The
point of zero charge is 8.3 shown in Figure 2-31 and Gueds et al. reported the value was 7.9
(2009).
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Figure 2-27. TEM image of the synthesized nCuO.
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Figure 2-28. EDS spectrum of the synthesized nCuO.
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Figure 2-29. SEM image of the commercial nCuO.
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Figure 2-30. Aggregate size distribution of commercial (A) and synthesized (B) nCuO.
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2.3.6.3 The summary of nTiO2 properties
The laboratory-synthesized synthesized nTiO2 was characterized as below. Figure 211 shows images taken by TEM. With the final synthesized method, the nTiO2 product has
oval shape and the size is about 10×20 nm. Along with TEM, the EDS spectrum shown in
Figure 2-32 was used to identify the element composition. Except the major component, O
and Ti, there are C, Cu, Al, K and Si detected. These elements could come from the mesh
contaminantion, and further examination should be carried out. The XRD pattern has been
shown in Figure 2-10(A). The crystal structure is anatase. Using line width analysis, the
calculated particle size is 20.9 nm. The surface area is 137.1 m2/g. Figure 2-33 and 2-34
present the UV-visible spectrum and bandgap respectively. The bandgap is 3.3 eV and the
bulk counterpart is about 3.23 eV (Kormann, Bahnemann, and Hoffmann 1988). The average
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aggregation size is about 2123.5±964.9 nm obtained from the triplication shown in Figure 235 (B).
For the commercial source generated by a continuous flame hydrolysis process, the
vendor provided the particle size is 21 nm, the surface area is 50±15 m2/g and the purity is
≥99.5% (Aeroxide TiO2 P25 2009). The SEM image of the commercial TiO2 is list in Figure

2-34. Figure 2-35 (A) shows the triplication of the aggregation size distribution. The average
size is 193.6±44.2 nm. The point of zero charge is 6.7 obtained from Figure 2-36. The
reported value is 6.85 (Ridley et al.2006).

Figure 2-32. EDS spectrum of the synthesized nTiO2.
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Figure 2-33. UV-visible absorbance spectrum of the synthesized nTiO2.
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Figure 2-35. SEM image of the commercial nTiO2.
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Figure 2-36. Aggregate size distribution of commercial (A) and synthesized (B) nTiO2.
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Figure 2-37. Titration of a suspension of nTiO2 in 0.1 M NaNO3.
2.3.6.4 The summary of nFe2O3 properties
The laboratory-synthesized nFe2O3 was prepared following the final method. The
morphology is shown by the SEM images shown in Figure 2-38. The primary nFe2O3 has
spherical shape and the diameter is about 20-35 nm. In the elemental composition shown in
Figure 2-39, the contaminations from the mesh results in the peak of Cu and Si. The XRD
pattern is presented in Figure 2-15 (B). The crystal structure is hematite. The calculated
particle size is 18.9 nm. The surface area is 56.6 m2/g. The average aggregation size is
347.8±157.0 nm which was calculated from the triplication shown in Figure 2-41(B).
The characterizations of the commercial nFe2O3 are obtained from the vendors
(Sigma-Aldrich nanomaterials technical documents 2009). The primary particle size is 32
nm. The surface area is 240 m2/g. Both α and γ-Fe2O3 are present, but primarily γ-form. The
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SEM image is shown in Figure 2-40. The commercial nFe2O3 shows higher aggregation
status than the laboratory-synthesized one. The aggregation and surface acid-base properties
were measured in the laboratory. The average size of the aggregation is 564.0±242.4 nm. The
triplicate measurement is shown in Figure 2-41 (A). The point of zero charge is 7.1shown in
Figure 2-42 and the reported value was 7.9 (Stumm and Morgan 1996).

Figure 2-38. SEM image of the synthesized nFe2O3
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Figure 2-39. EDS spectrum of the synthesized nFe2O3.
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Figure 2-40. SEM image of the commercial nFe2O3.
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Figure 2-41. Aggregate size distribution of commercial (A) and synthesized (B) nFe2O3.
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Figure 2-42. Titration of a suspension of nFe2O3 in 0.1 M NaNO3.
2.3.6.5 The summary of nHgS properties
The laboratory-synthesized synthesized nHgS was generated from the final method.
The synthesized nHgS is of spherical shape as shown in Figure 2-43. The particle is 10-15
nm in diameter which was calculated from the TEM images. In the element composition
spectrum shown in Figure 2-44, the copper mesh has Cu element peak at 8 keV also. The
oxygen peak may come from the mesh or the nHgS itself. Compared with the XPS spectra
(Figure 2-18), the surface of nHgS also presented oxygen. Thus, the synthesized nHgS has
small oxygen contamination. The XRD pattern shown in Figure 2-17 illustrates the crystal
structure is metacinnabar. The calculated particle size is 11.9 nm. However, there is no
predominant peak of HgO existed in XRD. Therefore, the oxygen contamination did not
come from the formation of HgO. The surface area measured by BET method is 14.1 m2/g.
The UV-visible spectrum of nHgS is listed in Figure 2-45. The bandgap is calculated based
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on Figure 2-46, the energy Tauc plots, which is 2.2 eV. The synthesized nHgS has larger
bandgap than the reported value for bulk HgS (Eg=0.5 eV) (Mahapatra and Dash 2006),
indicating the size quantization effects. The average aggregation size is 296.2±22.5 nm. The
triplication through the DLS measurement is list in Figure 2-47. By acid-base titration
method, the point of zero charge of the synthesized nHgS is 8.0. The titration curve, charge
balance and the The pHpzc is obtained from Figure 2-48. The reported value of the bulk
metacinnabar is 7.0 (Hsieh et al.1991).
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Figure 2-43. TEM image of nHgS.
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Figure 2-44. EDS spectrum of nHgS
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Figure 2-45. UV-visible absorbance spectrum of nHgS.

Figure 2-46. Bandgap of nHgS.

800

79

100

1st run 264.6nm
2nd run 309.1nm
3rd run 314.8nm

Intensity(%)

80
60
40
20
0
3

9

30

95

300

949

3000

particle size(nm)

Figure 2-47. Aggregate size distribution of nHgS.
11
10
9

pH

8
7
6
5
4
3
1.0E-03

5.0E-04

0.0E+00

-5.0E-04

Net acide (M)

Figure 2-48. Titration of a suspension of nHgS in 0.1 M NaNO3.

-1.0E-03

80

2.4 Summary and Conclusions
Nano-sized ZnO was synthesized in ethanol and the control of the temperature and
time was important. The primary particle size increased as the synthesized temperature
increased. The concentration of the precursor affected the degree of the aggregation
significantly. Nano-sized Fe2O3 was synthesized by two methods. In the first, nFe2O3 was
produced by dropwise addition of FeCl3 to boiling water, followed by dialysis against DDI,
HClO4 or HCl to stabilize the hematite (Mulvaney et al. 1988). Due to the potential toxicity
effect of HClO4, DDI was chosen as the dialysis media through this research. The other
method used sonication of Fe (III)-containing solution by controlling the pH. Due to the
higher generation yield, the sonication method was chosen as the final procedure. Nano-sized
TiO2 was prepared by acid and base treatments of TiCl4 (Kormann et al. 1988) or
Ti(OCH(CH3)2)4. There was no difference between the products from the two TiO2
precursors. However, the calcination was essential to generate crystal n TiO2. Nano-sized
CuO was synthesized by base-hydrolysis of Cu(NO3)2 (Viano et al. 2003). When the
calcination condition was adjusted to 300 °C and lasted for 10 hours, it promoted more pure
nCuO and by avoiding the generation of Cu(OH)2. Nano-sized HgS was synthesized from
HgCl2 and sulfur powder with NaOH in ethanol for pH-control. The sonication process did
improve the synthesis condition and produced smaller nHgS. Although the presence of
surfactant facilitated smaller primary nHgS generation which was confirmed by the UV
visible spectrum, it could impact further environmental behavior studies of pure nHgS itself.
The introduction of nitrogen purging through the synthesis and drying process was performed
to keep the oxygen free. The molar ratio of Hg and S was 31:25. The finalization of the
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synthesis methods is necessary to generate consistent NPs for further examination and
research.
To make an evaluation of the environmental chemistry of nZnO, nCuO, nTiO2,
nFe2O3, and nHgS, all of the synthesized or purchased NPs were characterized using a series
of physical and chemical characterization methods. SEM/TEM has been used to investigate
the morphology and size of the NPs. Most of the synthesized NPs have more uniform shape
with primary particle size smaller than 50 nm. The calculated size derived from DebyeScherrer formula was similar to SEM/TEM results. The crystal structures were determined as
wurzite (nZnO), tenorite (nCuO), anatase(nTiO2), hematite(nFe2O3), and metacinnabar
(nHgS). EDS and XPS examined the purity of the NPs. The products exhibited high purity,
except oxygen contamination of the surface of nHgS. UV-visible spectrophotometry was
used to analyze and monitor the quantum effect on the bandgap of the semiconductor NPs
(nZnO, nTiO2 and nHgS). The specific surface area was measured by the B.E.T. method. The
synthesized NPs have larger surface area compared with the commercial ones, except nCuO.
The nFe2O3 generated from dialysis method did show larger surface area, but the sonication
process was more efficient and the property was acceptable. The aggregation was determined
by measuring the hydrodynamic radius of the cluster of NPs. The effect of particle size on
the surface reactivity and charging of metal oxide and HgS NPs in aqueous solutions was
completed in NaNO3 media at 0.1 M ionic strength. The point of zero charge of the NPs was
similar to that of the bulk materials. Table 2-7 summarizes the specific characterizations.
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Table 2-7. Summary of the NPs characterizations.
NPs

Source

Primary particle
diameter (nm),
shape (SEM/TEM)

Primary particle diameter
(nm), crystal structure
(XRD)

5-20, spherical

7.0, wurzite

Particle
aggregate
diameter
(nm) (DLS)

pHpzc

Bandgap
(eV)

Surface area
(m2/g)

3.3

55.1

869.1±659.9

21

308.8±116.0

23.6

461.5±329.7

29

192.3±54.7

137.1

2123.5±964.9

50±15

193.6±44.2

18.9, hematite

56.6

347.8±157.0

Commercial 32*

γ-Fe2O3

240

564.0±242.4

7.1

Synthesis

11.9, metacinnabar

14.13

296.2±22.5

8.0

Synthesis
nZnO

Commercial 53*
Synthesis

20-40, spherical

20.9, tenorite

8.1

nCuO
Commercial 33*
Synthesis

10-20, oblong

10.2, anatase

3.3

8.3

nTiO2
Commercial 21*
Synthesis

20-35, spherical

6.7

nFe2O3

nHgS

10-15, spherical

2.2

*calculated based on surface area
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CHAPTER 3 Aquatic behavior of Metal Oxide and Mercuric
Sulfide NPs
3.1 Introduction
Nanotechnology research investigating the fate, transport, transformation, and
exposure of engineered NMs has been supported by EPA in recent years. However, there is
little known of the fate and behavior of the engineered NPs in the environment.
Manufactured NPs may have ecotoxicological effects after discharge into water. The benefits
derived from NPs may be offset by increased health and environmental risks with the
potential for exposure in the aquatic environment (Klaine et al. 2008). Many toxicity tests
have been carried out, however, many disagreements in interpretation exist (Klaine et al.
2008). Not only the NPs physical and chemical properties as characterized by the former
chapter, but also the degree of aggregation in a particular system will strongly influence the
bioavailability, mobility, transformation (Christian et al. 2008). The surface chemistry of NPs
may help to understand and explain the environmental behavior. Reviewing NPs toxicity
articles, there are more and more concerns about the solubility changes owing to surface
property differences in the last few years. Based on the Kelvin equation, solubility should
increase as the particle size decreases (Stumm and Morgan 1996). Given the well-known
toxicity of the ionic forms of some metals, the solubility of metal and metal oxide NPs may
require particular attention. Particle dissolution appeared to explain part, but not all, of the
toxicity tests (Griffitt et al. 2008). For example, as the particle size decreased, NPs such as
ZnO and Fe2O3 showed greater acute toxicity than sparingly soluble NPs (Brunner et al.
2006). However, Franklin et al. (2007) found that the toxicity of nZnO and bulk-ZnO are
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comparable, attributable solely to dissolved zinc. Phytotoxicity tests of nZnO indicated that
the toxicity of ZnO NPs may be due to absorption, rather than particle translocation and
dissolution (Lin and Xing 2008). Therefore continued research is needed.
Due to their small size and large surface energy, NPs are prone to aggregate and/or
coagulate in the aqueous phase. The aggregation and deposition are essential to understand
the mobility and stability of NPs, and are influenced by NP surface properties and
environmental or solution characteristics. Numerous factors, such as ionic strength, pH, and
the presence of organic matter, affect the aggregation behavior of NPs in aquatic systems
(Handy et al.2008). For example, an increase in ionic strength compresses the electric double
layer, thus decreasing electrostatic repulsion between two particles of the same charge.
Therefore, NPs can approach each other closely and are better able to aggregate and/or
coagulate. One study showed that deposition of colloids in sediments and onto surfaces
occurs as salinity increases, resulting in a lower concentration of smaller particles in water
(Stolpe and Hassellov 2007). As pH changes, the aggregation tendency of the NPs may shift.
Nano-sized Fe2O3 was present at 35% in the dissolved phase and in the form of highly
discrete particles at pH 2, but extensive aggregation was observed at pH 6 (Baalousha et al.
2008). In natural waters, the presence of natural organic matter can also modify the surface
charge of NPs, enhancing or decreasing NP aggregation. The dissolved fraction of NPs will
further increase the complexity of the interactions. Surface coating of NPs by NOM may
affects aggregation behavior in opposing ways: reduced aggregation through charge
stabilization (Jekel 1986), or enhanced aggregation through charge neutralization (Baalousha
et al. 2008). Kretzschmar and Sticher found that the hematite surface charge was reversed
from positive to negative and its attachment efficiency to a sandy soil decreased from 1 to
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0.01 when coated with 4 mg/L humic acid (Kretzschmar and Sticher 1997). The pHpzc of
nFe2O3 shifted to lower pH (i.e. from 9.1 to 5.6) in the presence of Suwannee River humic
acid (SRHA) (Baalousha et al. 2008). If aggregated or coagulated NPs account for the
majority of NPs in aquatic systems, results of toxicity tests and environmental studies will
not be easily explained based on discrete NP properties alone. The degree of aggregation in a
particular system can strongly influence the availability of NPs for uptake into cells. Due to
aggregation and agglomeration, the absence of high concentrations of free NPs results in no
ecotoxic effects (Franklin et al. 2007; Velzeboer et al. 2008). Therefore, a better
understanding of NPs aggregation will help to better predict their fate in the environment.

3.2 Experimental Section

3.2.1 Materials and Analysis

The following pH buffers were used without further purification: 2-(4-morpholino)
ethanesulfonic acid monohydrate (MES); acetic acid solution (HAc); 3-N-morpholino
propanesulfonic acid (MOPS); tris-base. Dried NOM was purchased from the International
Humic Substances Society (IHSS) (1R101N Suwannee River Humic acid). All the acid used
in this work were certified metal-free.
High purity water with a resistivity of >16 MΩ·cm was used throughout the
experiments. Metal oxide NPs were purchased from Sigma-Aldrich and/or synthesized by
the methods described in Chapter 2. The laboratory-synthesized nHgS was produced by the
final methods described in Chapter 2. The commercial source NPs were used without further
purification and laboratory-synthesized NPs were used following the cleaning and isolation
steps described in Chapter 2. Filters used were PTFE 0.2 µm nonsterile filters (Whatman 25
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mm syringe filter). Samples were collected in 15 mL (50 mL) conical-bottom centrifuge
tubes. Amber Boston Round bottles (1000 mL) with Teflon lined caps (I-CHEM) were used
in solubility experiments. The total organic carbon (TOC) has been obtained from the
certified value by IHSS first and confirmed by TOC analysis (Shimadzu TOC-V CPH). The
sonication bath was a Branson® 5510. The pH was measured with a ThermoOrion pH meter
and Ross combination glass electrode.
Chemical analysis of all the nano-sized metal oxide samples was accomplished by
acidification or microwave digestion followed by measurement of metal concentration by
inductively coupled plasma mass spectroscopy (ICP-MS) measured by Laboratory for
Environmental Analysis in University of Georgia (UGA) or Environemental toxicology
program in Clemson University or inductively coupled plasma atomic emission spectroscopy
(ICP-AES) by Agricultural Service Laboratory in Clemson University. The ICP-MS was
calibrated using a mixed metal standard (BDH® ARISTAR®, diluted to 100 µg/L). Dissolved
mercury was measured by the Perkin-Elmer Flow Injection Mercury System (FIMS-100)
described in Chapter 2. Two or three replicates were measured per sample, and the average
was used to calculate the metal concentration from a seven-point standard curve. The
concentrated HNO3 solution (20µL) was added to maintain the metal concentration. For
nZnO, nCuO and nFe2O3 samples, acidification was carried out by 3 mL concentrated HNO3
and 2 mL concentrated HCl at room temperature over one day. For nTiO2 samples, 6 mL
concentrated HCl+1 mL concentrated H2SO4 was added for microwave digestion. The
microwave digestion program was set as 5 minutes 100°C under 200 W; 5 minutes 125°C
400W; 10 minutes 150°C 400W; 5 minutes 100°C 600W. After the acidification or digestion,
the samples were diluted to 25 mL. Further dilution was needed if the concentration was
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higher than the measureable range of ICP-MS and ICP-AES. The detection limits for Zn, Cu
and Fe are 30 µg/L (ppb) (ICP-AES) and for Ti 15 µg/L (ppb) (ICP-MS). The detection limit
for Hg is 15 ng/L (ppt).
The degree of aggregation was measured as the hydrodynamic radius of the cluster of
NPs provided by Dynamic Laser Scattering (DLS) instrument (Coulter N4 Plus) as described
in Chapter 2. Each sample was placed in clean disposable cuvettes. The mean particle
diameter is calculated by the software from the particle distributions measured. Important
setting parameters are listed as below:
Analysis mode: by size;
Solvent: water;
Temperature: 22 °C;
Diluent refractive index: 1.33289 for DDI, 1.8 for NOM;
Diluent viscosity: 0.9548;
Use particle refractive index for each NPs listed in chapter 2;
Equilibration time: 5 minutes;
Repetition mode: 3;
Test angle: 90º;
Runtime: auto (5minutes);
Check intensity before each measurement (5×104~1×106).
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3.2.2 Solubility of Metal Oxide and Mercuric Sulfide NPs

The solubility of nZnO, nCuO, nTiO2, nFe2O3 and nHgS was monitored under
different simulated environmental conditions, including pH, ionic strength, and the presence
of NOM. The separation of the solid and dissolved phases was carried out by microfiltration
methods. The NPs suspensions (0.2 g/L, 50 mL or 100 mL) were sonicated for 30 minutes
and put on end-over-end tumbler. Preliminary experiments showed that the dissolution of
nHgS in 20 NOM solution reached equilibrium over 7 days. Solubility experiments of all
types of NPs carried out for 7 days.

FETAX solution. The solubility of the five types of NPs in the Frog Embryo
Teratogenesis Assay: Xenopus (FETAX) media has been investigated. The chemical
composition of the FETAX solution is listed in Table 3-1. The recovery of the media cation
components was carried out by ICP-AES. The pH was around 7.
Table 3-1. FETAX media composition.
FETAX composition

Concentration (M)

CaCl2

1.43×10-4

CaSO4

4.30×10-4

MgSO4

6.18×10-4

KCl

4.02×10-4

NaCl

1.07×10-2

NaHCO3

1.14×10-3

Ionic strength

0.02

pH buffer solutions. The proton induced solubility was carried out at four pH values.
The solutions were prepared as:
0.1 M HAc/NaAc (pH=3.95) in 0.02 M NaNO3;
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0.1 M MES (pH=5.15) in 0.02 M NaNO3;
0.1 M MOPS (pH=6.62) in 0.02 M NaNO3;
0.1 M Tris-base (pH=9.40) in 0.02 M NaNO3.

Ionic strength media. Solutions of different ionic strength were prepared as 0.01, 0.1,
1.0 M NaNO3.

NOM media. NOM was dissolved in 0.02 M NaNO3 and at final concentrations of 5,
20, and 50 mg C/L with pH 8.7, 8.9 and 9.1 respectively. The tris-buffer solution was used as
0 mg C/L NOM media with pH 9.4. UV-visible absorbance spectra were acquired with a
Shimadzu UV spectrophotometer (Shimadzu UV-2501 PC). Specific UV absorbance at 280
nm, an indicator of the degree of aromaticity, was determined for the DOM solution. The
aggregate size changes were monitored by DLS. The metal analysis was preformed for NOM
media before the NPs solubility experiment. The concentrations of Zn, Cu and Ti were lower
than detection limits and the detected Fe was 37±14 µg/L. The possible contamination of Fe
from NOM media was subtracted from the results in the solubility experiments.

3.2.3 Stability Experiment

There is increasing concern that NP stock solutions can change over time (Murdock
et al. 2008). Therefore, NP suspension stability was monitored over longer periods of time by
observing settling or sedimentation visually and by monitoring UV-Visible absorbance at
specific wavelength. A sedimentation experiment is a simple method to estimate the stability
of colloid in aqueous solutions as demonstrated by Qiang et al. (2007). Aqueous suspensions
were prepared and mixed by mechanically shaking and put in gradual cylinder. The interface
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change over time was monitored and the corresponding volume ratio was report. Sonication
was applied in stability experiments. UV-Visible absorption onset of the NP was monitored.

3.3 Results and Discussion

3.3.1 Microfiltration for NP suspension separation

In order to study the behavior of NPs in aquatic environment, it is often necessary to
first reduce the complexity using a course of separation. Separation by settling is only
effective in removing particles that have a settling velocity that dominates over Brownian
motion. The settling velocity depends on the particle volume, shape and density difference
with respect to water. It is an efficient way to remove large and more dense mineral particles.
Dialysis is an ultra- or nanofiltration method that is based on diffusion of solutes across a
membrane because of concentration gradients and osmotic pressure instead of pressure
driven filtration (Hassellov et al. 2008). It can be used to separate truly dissolved components
(ions and small molecules) from their colloidal or suspended materials such as NPs.
However, the analytical artifact of the dialysis in mercury measurement could be a significant
problem (Cai et al.1999). It may be suspected to occur for other metals. Ionic strength
influences on the dialysis tubing, and may lead to changes in dispersion state of NPs
(Hassellov et al. 2008). In addition, dialysis tubing often significantly increases the time
required to reach equilibrium. Microfiltration, with pore sizes generally greater than 0.1 µm,
is the most common isolation technique. As shown in Chapter 2, the dispersion of NMs in
aqueous solution rarely results in a measurable distribution at the primary particle size
(Murdock, 2008). NPs have a strong tendency to aggregate and the minimum clusters sizes
shown in Chapter 2 were larger than 100 nm- 200 nm, despite images indicating primary
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particle sizes of 5-40 nm. Therefore, the feasibility of microfiltration as a practical separation
method for metal oxide and sulfide NPs in aqueous solution was investigated.
UV-visible absorption spectra of commercial nTiO2 and commercial nZnO were used
to quickly assess the ability of the PTFE filters to remove these particles from solution. The
PTFE filters with 0.2 µm pore size were chosen to separate the solid and dissolved phase.
The concentration of NP suspensions was approximately 0.2 g/L and the selected subsamples
were sonicated for 30 minutes just prior to acquiring spectra or filtering. Samples of the
original solution and filtrate were monitored by UV-visible spectrophotometer. As shown in
Chapter 2, the semiconductor nanocrystals, nTiO2, nZnO, have UV-visible absorption
spectrum characteristics indicative of the primary particle size. Figure 3-1 shows absorption
spectra for sonicated (30 minutes) and unsonicated nTiO2 suspensions before and after
filtration. Figure 3-2 shows the corresponding spectra for nZnO. Note the expanded scales
used for the spectra of filtered samples. Comparing the spectra for nTiO2 suspensions with
and without sonication, the absorption peak at 320 nm is higher for the sonicated sample,
indicating the production of smaller aggregates that increase the amount of NPs suspended in
solution. Following filtration, the absorbance was reduced to less than 1% of the initial
values. The spectra of filtered samples show some indication of absorbance of nTiO2 NPs,
but overall greater than 99% of the absorbance has been removed. High removal of NPs was
found for commercial nZnO as well. At 360 nm wavelength, the maximum UV absorbance is
significantly higher for the sonicated sample. Following filtration, the sonicated sample UV
absorbance is reduced to less than 0.01, or less than 3% of the original absorbance. The
sample without sonication has no detectable remaining nZnO after filtration.
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Figure 3-1. Absorption spectra of commercial nTiO2 before and after filtration.
TiO2: the original solution without sonication, TiO2 s30min: the original solution with 30
minutes sonication, TiO2 0.2 µm: the filtration (by 0.2 µm PTFE filter) without sonication,
TiO2 s30min 0.2 µm: the filtration (by 0.2 µm PTFE filter) with 30 minutes sonication.
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Figure 3-2. Absorption spectra of commercial nZnO before and after filtration.
ZnO: the original solution without sonication, ZnO s30min: the original solution with 30
minutes sonication, ZnO 0.2 µm: the filtration (by 0.2 µm PTFE filter) without sonication,
ZnO s30min 0.2 µm: the filtration (by 0.2 µm PTFE filter) with 30 minutes sonication.
The filter separation tests were repeated using the commercial and laboratorysynthesized metal oxide NPs with measurement of metal concentrations by ICP-MS or ICPAES. The suspension contained 0.2 g/L NP in DDI media and was sonicated for 30 minutes;
subsamples were immediately filtered. The 3 mL original solution and 3 mL filtered samples
were collected immediately after sonication or filtration, respectively. After acidification or
microwave digestion, the metal concentration was measured by ICP-AES or ICP-MS. The
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ratio of the metal concentrations after filtration (filtered) and in the original (unfiltered)
solution was the unretained NP (as fraction or %).
Table 3-2 shows the results for filter separations of nZnO, nCuO, nTiO2, and nFe2O3
as determined by metal concentration analysis. There was less than 1.5% of the initial metal
remaining after the microfiltration procedure, except for laboratory-synthesized nZnO which
was about 5.7%. In addition, the metal concentration in the filtrates of the nZnO and nCuO
was generally lower than 1 mg/L, lower than detection limit for nTiO2, and lower than 0.1
mg/L for nFe2O3. These results showed that the 0.2 µm PTFE filters efficiently separate the
solid phase and aqueous phases in the NP suspensions. Therefore, the definition of “soluble”
in this research is based on the performance of 0.2 µm PTFE filters in retaining aggregated
NPs.
An unsolved problem is that the original solutions are not homogeneous. The
recovery experiments with triplicates were carried out to obtain a quantitative comparison.
The NP suspension (0.2 g/L), the original solution, was prepared in 50 mL tubes with
triplicates and sonicated 30 minutes. Only 3 mL of the original solution was pipetted out
from the middle of the tube for acidification or microwave digestion. The recovery values
reported in Table 3-3 are the metal concentrations measured in the pipetted sample expressed
as a percentage of the calculated concentration of the metal in the suspension. The best
recovery was obtained for the commercial nTiO2 sample which is the most homogeneous
suspension and the recovery is about 100%. Laboratory-synthesized NP suspensions are
more heterogeneous than the commercial source NPs. Therefore, researchers should be
cautious in reporting a NP suspension concentration if only part of the solution was
investigated. NMs in aqueous suspensions are dynamic systems undergoing simultaneous
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dissolution, aggregation and sedimentation (Murdock et al. 2008). Practically, it is difficult to
maintain the uniform concentration of a NP suspension without any surfactant. NPs are more
likely to remain dispersed with a solvent or dispersing agent present. However, in this work
such additives were avoided because of their potential effects on the physical, chemical and
toxiccological properties of NPs.
Table 3-2. Microfiltration for metal oxide NPs.
NP Type

Source

Commercial
nZnO
Laboratory
Commercial
nCuO
Laboratory
Commercial
nTiO 2
Laboratory
Commercial
nFe2O3
Laboratory

Average [Metal] (g/L, ± Std.Dev.)
Unfiltered

Filtered

Unretained NP
(%, ± Std.Dev.)

0.068±0.001

1.0×10-3±3.4×10-4

1.4 (±0.4)

0.019±0.002

1.1×10-3±2.5×10-5

5.7 (±0.3)

0.147±0.001

1.0×10-3±1.0×10-4

0.8 (±0.1)

0.097±0.001

4.9×10-4±4.1×10-5

0.5 (±0.04)

0.209±0.011

<DL

0.0 (±0.0)

0.026±0.000

<DL

0.0 (±0.0)

0.119±0.001

1.0×10-4±1.0×10-4

0.1 (±0.1)

0.018±0.0002

6.7×10-5±3.5×10-5

0.4 (±0.2)
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Table 3-3. Recovery of NP suspension.
NPs Type

Source
Commercial

nZnO
Laboratory
Commercial
nCuO
Laboratory
Commercial
nTiO 2
Laboratory
Commercial
nFe2O3
Laboratory

Recovery (%, ± Std.Dev.)
33.9%±0.5%
9.7%±0.8%
73.7%±0.7%
48.6%±0.4%
104.5%±5.5%
12.8%±0.0%
59.5%±0.6%
9.0%±0.1%

3.3.2 Sonication effects on particle size distributions

Ultrasound sonication is widely used to disrupt the aggregation of NPs (Franklin et al.
2007). Commercial nZnO, nCuO, nTiO2, nFe2O3 and laboratory-synthesized nHgS (0.2 g/L)
were dissolved in DDI water freshly for the sonication experiments. The ultrasonication was
performed for 30 minutes and the aggregates size distributions were measured by DLS within
5 minutes after sonication. Table 3-4 shows the summary of the average NP aggregates size.
The ultrasound sonication did reduce the aggregation size. However, the degree of
this change varied. For any specific NP suspension, the sonication effect should be examined
individually. For commercial nZnO, the aggregation size decreased up to 70%. The cluster
size of nCuO, nTiO2 and nHgS decreased 20% after sonication. But for nFe2O3 the aggregate
size decrease was only about 3%. The nFe2O3 suspension has more stable aggregated sizes
compared to other type of NPs solution. In addition, most of the average aggregate sizes were
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larger than 200 nm which supports the use of 0.2 µm filters to capture the aggregated NPs.
However, it is possible that small size aggregates or primary NPs are too small to be retained
on the microfilters.
Table 3-4. Average NP aggregates size in DDI.
Average size

Commercial

Commercial

Commercial

Commercial

± SE (nm)

nZnO

nCuO

nTiO2

nFe2O3

1247.7±93.8

216.1±0.6

323.2±0.9

245.9±2.5

382.9±15.8

173.0±9.3

239.9±17.6

70%

20%

26%

Without sonication
With sonication
Decrease (%)

nHgS
404.2±2.8

237.4±14.0 318.0±18.6
3%

3.3.3 Solubility in FETAX solution

There are four major metal components in FETAX media: K, Ca, Mg, and Na. The
filtrate was collected to carry out chemical analysis of the major components. The
acidification and microwave digestion were the same procedures for NP samples. The
recovery through this FETAX solubility experiment was measured and calculated in Table 35. The nTiO2 samples were measured by UGA lab and that laboratory did not perform K, Ca
and Na analysis.
There could be some absorption and desorption reactions happening on the surface of
NPs, and leading to loss of the absorbed ions as NP aggregates were removed in the filtration
steps. Mg2+ and Na+ have lower recovery in all types of NPs solution. The recovery of Ca2+
has the largest deviation.

21%

101

Table 3-5. Major metal recovery from FETAX media
NPs
nZnO

nCuO

nTiO2

nFe2O3

K

Ca

Mg

Na

Commercial

104%±1%

116%±21% 93%±1%

91%±1%

Laboratory-synthesized

104%±0%

92%±16%

92%±1%

96%±1%

Commercial

102%±4%

126%±26%

87%±3%

90%±2%

Laboratory-synthesized

102%±2%

69%±2%

89%±2%

88%±3%

Commercial

-

-

99%±2%

-

Laboratory-synthesized

-

-

99%±2%

-

Commercial

97%±1%

74%±2%

92%±1%

90%±0%

Laboratory-synthesized

95 %±1%

72%±3%

90%±0%

89%±2%

Table 3-6 shows the results for the solubility of NPs suspensions in the FETAX
media. In these tests, the laboratory-synthesized NPs exhibited lower solubility than the
commercial NPS, except for nCuO which was below detection limts for both sources.
Solubility was found to be below detection for nCuO and nZnO, except for the commercial
nZnO which released 0.12 mg/L (as Zn2+). This result is on the order of the unretained NP
previously described. However, the ionic strength and divalent cations present in FETAX
would tend to enhance NP aggregation and reduce the errors. Alternatively, the commercial
nZnO has smaller aggregation size shown in Chapter 2, Figure 2-24, and may therefore be
more soluble. The other oxide NPs, nTiO2 and nFe2O3, were found to be slightly soluble,
with a few hundred µg/L of the dissolved metal detected in the FETAX solution. At this
level of apparent solubility, the filter retaining could be significant. However, as above, the
release of surface ions or the true solubility of small primary particles could be responsible
for the results obtained. For either case, the use of these particles in toxicity tests in media
such as FETAX may produce effects due to dissolved metals in addition to any NP effects.
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For nHgS, soluble Hg2+ ions were found at 0.86 µg/L (Hg2+). This is significantly lower than
the results for the slightly soluble oxide NPs and much smaller than the filter retaining found
for oxide NPs. XPS showed an excess of mercury on the nHgS surface in Chapter 2. Using
the XPS Hg:S molar ratio 31:25, the potential concentration of mercury released assuming
100% desorption is 215 µg/L Hg2+. The observed soluble Hg2+ is less than 1% of this value.
Table 3-6. NP solubility in FETAX media.
[Zn]
Source

[Cu]

[Ti]

[Fe]

[Hg]

(mg/L) (mg/L) (mg/L) (mg/L) [µg/L]

Commercial

0.12

<DL

0.69

0.38

--

Laboratory-synthesized

<DL

<DL

0.19

0.15

0.86

Detection limit (DL) for Zn Cu and Fe: 30 µg/L., for Ti: 15 µg/L.
3.3.4 Effect of pH

The dissolution profiles of metal oxide and HgS NPs at four pH conditions are shown
in Figures 3-3 to 3-7. The error bars represent the standard deviations calculated from results
of duplicates. In many cases, the error bars are not significant (less than 0.01 mg/L). The total
metal concentration is converted from the initial concentration of the NP suspension solution,
0.2 g/L. The dissolved metal as a percentage of the total is also given above each column in
these figures. For nHgS, the dissolved fraction in µg/L range, and the total Hg added was in
g/L. For nHgS at all pH conditions, the detected Hg2+ is less than 0.01% and the percentages
are not shown.
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Figure 3-3. pH influence on nZnO solubility.
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Figure 3-4. pH influence on nCuO solubility.
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Figure 3-5. pH influence on nTiO2 solubility.
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Figure 3-6. pH influence on nFe2O3 solubility.
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Figure 3-7. pH influence on nHgS solubility.
As expected, the solubility of NPs was strongly affected by pH. For example, nZnO,
with a pHpzc value of about 8.1 (obtained in Chapter 2), showed approximately 50-90% of the
solid phase dissolved when the pH is lower than the pHpzc. Under alkaline conditions (pH
~9), the dissolved ZnO is only 1-4% which was insignificantly compared to the potential
filter retaining. At all the acidic pH values, the commercial nZnO shows higher dissolution
than the laboratory-synthesized nZnO, but both sources showed low solubility at pH 9.4. The
dissolved nCuO accounted for more than 60% except for the minimum solubility of ~1%
observed when pH was higher than 6.6. As discussed further below, this did not show close
relationship with the nCuO pHpzc value. The laboratory-synthesized product showed slightly
higher solubility than the commercial one. The dissolved fractions in nTiO2 and nFe2O3
suspensions approached and were sometimes below the instrumental detection limits. Larger
standard deviations reflect the measurement limitations. For nHgS, the highest solubility was
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observed at pH 9.4, which is higher than the pHpzc (8.0), while an insignificant fraction was
found to dissolve at pH less than 7.
In chemical data handbooks and material safety data sheets, metal oxides and HgS are
often classified as slightly soluble or insoluble in water. Visual Minteq (version 2.60)
chemical speciation modeling program was used to predict solubility (Gustafsson 2009).
Solution parameters, including specify finite solid phases (0.2 g/L), 0.1 M buffer solutions,
0.02 M NaNO3, were used in the simulations. Since metal speciation was not measured, the
sum of the total dissolved metal species predicted by Visual Minteq was calculated and
reported in Appendix A listed in Tables A-1 to A-5. Dissolved metal concentrations from
Visual Minteq predictions and the measured concentrations are compared in Figures 3-8 to 312.
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Figure 3-8. Comparison of ZnO solubility.
Znicite: predicted solubility of ZnO from Visual Minteq, Com. nZnO: commercial nZnO
solubility from experiments, Syn. nZnO: laboratory-synthesized nZnO solubility from
experiments.
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Figure 3-9. Comparison of CuO solubility.
Tenorite: CuO solubility predicted from Visual Minteq, Com. nCuO: commercial nCuO
solubility from this experiment, Syn. nCuO: laboratory-synthesized nCuO solubility from
this experiment.
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Figure 3-10. Comparison of TiO2 solubility.
Anatase: predicted solubility of TiO2from Visual Minteq, Com. nTiO2: commercial nTiO2
solubility from experiments, Syn. nTiO2: laboratory-synthesized nTiO2 solubility from
experiments.
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Figure 3-11. Comparison of Fe2O3 solubility.
Hematite: predicted solubility of Fe2O3 from Visual Minteq, Com. nFe2O3: commercial
nFe2O3 solubility from experiments, Syn. nFe2O3 : laboratory-synthesized nFe2O3 solubility
from experiments.
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Figure 3-12. Comparison of HgS solubility.
Metacinnabar: predicted solubility of HgS from Visual Minteq, nHgS: laboratory-synthesized
nHgS solubility from experiments.
For ZnO, the dissolution tendency is consistent with the prediction from Visual
Minteq. The solubility decreases as the pH increases. In the prediction, zincite should fully
dissolve for experiments at pH<6.6. Both the commercial and laboratory-synthesized nZnO
showed significant dissolution at these pH values, implying that equilibrium may not have
been reached over the 7 days period. When the pH was 9.4, the nano-sized ZnO presented
higher solubility than the prediction. A similar trend in simulated and measured solubility
was for commercial and laboratory-synthesized nCuO at the pH range. Significant amounts
of CuO dissolved, but lack of complete dissolution may indicate the system did not reach
equilibrium when pH was lower than 6.6. The lowest solubility of tenorite was predicted to
be at pH 9.5, and the measured dissolved fraction is higher than the prediction due to the
particle size decreased to nano scale. Increased solubility of Cu due to anion formation does
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not occur to an appreciable extent until pH values greater than 9.5. respectively. For nTiO2,
the measured dissolved fractions were significantly higher than Visual Minteq results, which
predicted low dissolved titanium species concentrations and no pH dependence. For pH<7,
the dissolved fraction from nTiO2 was few hundred times higher than the predicted value of
the bulk anatase. In solution of pH>9, the measured solubility was ten times higher than the
predicted. Hematite was predicted to be nearly insoluble across the pH range examined, with
the lowest solubility at higher pH. For the nFe2O3, the solubility measurements exceeded
prediction solubility by several orders of magnitude (3 to 7 orders), although in some cases
soluble iron was below the detection limit. As for nHgS, the solubility measured in the
experiments followed the same tendency as the prediction that the dissolution of
metacinnabar increased as the media is alkaline solution. As the pH increased from 3.95 to
9.40, the maximum amount of dissolved Hg occurred at pH 9.40. However, the solubility
increased with particle size decrease was even more dramatic. In general, the dissolved
fraction in nHgS was a thousand times higher than the bulk metacinnabar.
The measured dissolution vs. pH trends qualitatively followed the Visual Minteq
predictions for nZnO and nCuO. In acidic conditions, the nZnO and nCuO did not reach
equilibrium over 7 days. In base media, the nZnO and nCuO have increased solubility as the
particle size decrease to nanoscale. Although the dissolved fraction from nFe2O3 and nTiO2
are as low as in µg/L, they are higher than the prediction. The significantly higher dissolution
of nHgS is due to the particle size decreased to nano scale. However, as mentioned before,
the increasing dissolution of metal oxide NPs could be the effect of the filter retaining. There
were strong background contaminations of Fe which could impact the low concentration
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measurement as well. For comparison the solubility of the bulk materials should be examined
further.

3.3.5 Effect of NOM

3.3.5.1 NOM effect on particle solubility
The results of NOM effects on the solubility of metal oxide and HgS NPs are shown
in Figures 3-13 to 3-17. Table A-6 listed all the measured values. All results presented are
based on duplicate sample solubilities at 5, 20 and 50 mg C/L NOM. The measured final pH
values were 8.7, 8.9 and 9.1 respectively. The dissolved fraction of these five types of NPs
from NOM media was also compared with the one in 0.1 M Tris-bass buffer solution (pH
9.4).
The results indicate significant effects on NP solubility in the presence of organic
acids. While there are some differences between commercial and laboratory NPs, trends are
similar in that as the NOM concentration increased, the dissolved fraction increased. The
difference between commercial and laboratory-synthesized nZnO are insignificant.
Commercial nTiO2 tended to have higher soluble titanium species than the laboratorysynthesized NPs. At 5 mg/L NOM, the dissolved Ti from both commercial and laboratorysynthesized TiO2 are lower than detection limit. However, the laboratory-synthesized nCuO
and nFe2O3 have higher dissolved fractions than the commercial NPs. For nHgS, the
maximum dissolved concentration occurred at the highest NOM concentration, where 50 mg
C/L NOM facilitated the nHgS dissolution by hundreds to thousands of times more than in
the 5 mg C/L NOM medium. The dissolution of NPs in buffer solution without any NOM
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was slightly higher than in 5 mg /L NOM, because the pH of buffer solution is higher than 5
mg C/L NOM medium.
Dissolution of ZnO and CuO NPs appeared to produce sufficient soluble ions to have
potential toxicity to the aquatic organisms in the presence of 20~50 mg C/L NOM. For some
types of cytotoxicity cell tests, dissolved nFe2O3 in the presence of 50 mg C/L NOM media
could affect growth rates. But in the presence of NOM, which could be a strong ligand for
metal ionic (Nacarro et al. 2008), it is difficult to predict the bioavailable toxic metal forms
without further examination.
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Figure 3-13. NOM influence on nZnO solubility.
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Figure 3-14. NOM influence on nCuO solubility.
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Figure 3-15. NOM influence on nTiO2 solubility.
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Figure 3-16. NOM influence on nFe2O3 solubility.
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Figure 3-17. NOM influence on nHgS solubility.
3.3.5.2 NOM effect on cluster size distribution
NPs (0.2 g/L) were suspended in DDI or NOM solution. The pH value of 20 mg C/L
NOM in 0.02 M NaNO3 was about 4.2. The samples were put on end-over-end tumbler for 7
days and then sonicated 30 minutes before the DLS measurement. The average aggregate
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size of the commercial and laboratory-synthesized NPs solutions were monitored. The results
are summarized in Table 3-7.
Table 3-7. Average size of the NP aggregation.
Average size ±SE (nm)

Com.

Com.

Com.

Com.

nZnO

nCuO

nTiO2

nFe2O3

nHgS

DDI

382.9±15.8

173.0±9.3 239.9±17.6

237.4±14.0 318.0±18.6

20 mg C/L NOM

334.9±7.3

287.6±9.8 299.6±12.3

602.9±40.7 215.6±14.5

NP aggregates up to a few hundred nanometers formed in the presence of NOM.
Compared to the aggregate size profiles in DDI and NOM solutions, the clusters of nZnO and
nHgS have smaller mean sizes in 20 mg C/L NOM media, while the other types of NPs,
nCuO, nTiO2 and nFe2O3, have larger sizes in NOM media. These results are consistent with
studies by Jekel (1986) and Baalousha (2008) that NOM could reduce or enhance
aggregation under various principles.
It was necessary to have enough equilibrium time to have fulvic acid coating on the
NPs surface. As NPs (0.2 g/L) suspended in 20 mg C/L NOM longer periods of time, the
aggregation size changed. Samples were sonicated for 30 minutes and measured by DLS
shown in Figure 3-18 to 3-26. The comparison of the average aggregate size from the initial
solution and the solution after 7 days equilibrium was summarized in Tables 3-8 and 3-9.
After one week equilibration time, 20 mg C/L NOM helped to disrupt the NP aggregation of
both commercial and laboratory-synthesized NPs, except for the commercial nCuO. The
particle size profile of nFe2O3 suspensions typically showed two distinct populations in the
initial solution: one with a mean diameter of several nanometer, and a second with a mean
diameter of several microns. However, in the final solution which was equilibrated for 7
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days, the size of the aggregates show a more narrow distribution, with an average diameter of
a few hundred nanometers.
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Figure 3-18. Aggregate size distribution of commercial nZnO 20 mg C/L in NOM medium.
A: the initial solution; B: After 7 days.
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Figure 3-19. Aggregate size distribution on synthesized nZnO in 20 mg C/L NOM medium.
A: the initial solution; B: After 7 days.
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Figure 3-20. Aggregate size distribution of commercial nCuO in 20 mg C/L NOM medium.
A: the initial solution; B: After 7 days.
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Figure 3-21. Aggregate size distribution synthesized nCuO in 20 mg C/L NOM medium.
A: the initial solution; B: After 7 days.
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Figure 3-22. Aggregate size distribution of commercial nTiO2 in 20 mg C/L NOM medium.
A: the initial solution; B: After 7 days
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Figure 3-23. Aggregate size distribution of synthesized nTiO2 in 20 mg C/L NOM medium.
A: the initial solution; B: After 7 days
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Figure 3-24. Aggregate size distribution of commercial nFe2O3 in 20 mg C/L NOM medium.
A: the initial solution; B: After 7 days.
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Figure 3-25. Aggregate size distribution of synthesized nFe2O3in 20 mg C/L NOM medium.
A: the initial solution; B: After 7 days.
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Figure 3-26. Aggregate size distribution of nHgS in 20 mg C/L NOM medium.
A: the initial solution; B: After 7 days.
Humic acids may promote or reduce NP aggregation, depending on conditions. There
are reports that additions of natural organic matter could coat the surface of NPs, resulting in
NPs that tend to stay dispersed rather than aggregated (Chen and Elimelech 2006, 2007)
(Baalousha 2008). For the NOM samples equilibrated for 7 days, the surface charge of all of
NPs was positive at pH 4, therefore additions of negatively charged humic acid acids to
positively charged NPs could lead to increased particle aggregation through charge
neutralization but also particle stabilization if the particles are coated and develop sufficient
negative charge. Based on current experiments, the comparison of the aggregation size in
DDI water vs. NOM media and the initial vs. equilibrated solution, there was not a uniform
result of increasing or decreasing aggregate size for these five types of NPs under these
conditions. Most of the commercial and laboratory-synthesized NPs tended to have smaller
aggregate sizes following equilibration compared to the initial solution. However, the
aggregate size did not reduce due to the presence of the NOM compared to DDI media.
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Table 3-8. Average aggregate size of commercial NPs in 20 mg C/L NOM solution.
Average size ±SE (nm)

nZnO

nCuO

nTiO2

nFe2O3

Initial solution

344.7±12.7 220.3±10.3 435.5±26.1 1119.1±196.5

After 7 days

334.9±7.3

287.6±9.8

299.6±12.3

602.9±40.7

Table 3-9. Average aggregate size of laboratory-synthesized NPs in 20 mg C/L NOM solution.
Average size ±SE (nm)
nZnO
nCuO
nTiO2
nFe2O3
nHgS
Initial solution

323.4±13.7 394.5±19.8 363.5±21.9 291.7±15.4 342.1±20.9

After 7 days

333.5±16.1 299.0±14.9 275.9±13.5 128.0±4.0

215.6±14.5

3.3.6 Effect of Ionic Strength

The effect of ionic strength on the solubility of metal oxide and HgS NPs is shown in
Figures 3-27 to 3-31. Table A-7 shows the measured values. All the samples were prepared
in duplicate and the ionic strength was adjusted by NaNO3 to 0.01, 0.1, and 1.0 M.
Commercial and laboratory-synthesized NPs were compared. For nHgS, the total mercuric
concentration was calculated based on the input concentration of the original suspension
solution.
The results showed that at these three ionic strengths, the solubility of the NPs did not
changed significantly. In particular, for commercial and laboratory-synthesized nZnO and
nCuO, the dissolved fraction of Zn, and Cu were similar in 0.01, 0.1, and 1.0 M NaNO3
media. The same tendency was found for nHgS. Negligible solubility was found for nFe2O3
and nTiO2. Some of the Ti and Fe concentrations are lower than the detection limits marked
in above the column.
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Figure 3-27. Ionic strength influence on the nZnO solubility.
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Figure 3-28. Ionic strength influence on the nCuO solubility.
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Figure 3-29. Ionic strength influence on the nTiO2 solubility.
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Figure 3-30. Ionic strength influence on the nFe2O3 solubility.
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Figure 3-31. Ionic strength influence on the nHgS solubility.
3.3.7 Measurements of NP Suspension Stability

Sedimentation and stability experiments for nZnO, nTiO2 and nHgS were carried out
at 2 g/L suspension solution. For the sedimentation experiment, the separation of a lower
layer of the particle suspension and an upper layer of clear solution was observed visually
and the position of the interface recorded over one week. For stability experiments, the
suspension solution was mechanically shaken for a few minutes, sonicated for one hour.
Then the solutions were allowed to settle for several hours and days. Periodically, the UVvisible spectrum of the upper layer was recorded.
The sedimentation results shown in Figure 3-32 indicate that the volume decreased as
a percent of total volume over time. Commercial nZnO and nTiO2 appeared cloudy and did
not settle over one week. The suspension phase could last for more than 7 days and more
than 95% by volume maintained in the surface layer. However, for the laboratorysynthesized nHgS suspension, the aggregated particles settled rapidly. The addition of the
nHgS in the aqueous medium resulted in visible flocs which settle within days. The
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sedimentation rates resulted in the lower fraction volume decreasing approximately 10%
after one week.
In stability experiments shown in Figures 3-33 to 3-35, the UV-visible spectra for
commercial and laboratory-synthesized nZnO, TiO2 and laboratory-synthesized nHgS were
monitored at 376 nm, 363 nm, 327 nm, 353 nm and 360 nm, respectively, as an indicator of
changes in primary NP concentrations in the upper layer. Mechanical shaking could only
release part of the discrete NP from the aggregation. Ultrasonication was more efficient in
reducing the aggregation and the UV-visible absorbance was observed to reach the maximum
value when the sonication time increased to 1 hour. For nHgS, there was higher degree of
primary nHgS released following 1 hour of settling. However, after the settling time
increased to days, the UV-vis absorbance started to decrease, indicating that aggregation and
precipitation were occurring. After one month, the detectable nHgS in the upper layer of the
solution accounted for 30% or less compared to the maximum absorbance at one hour
sonication.
Sonication may help to reduce the size of NP clusters and perhaps release primary
NPs. As the settling time increased aggregation and precipitation became the dominant
processes, and the concentration of the suspended NPs decreased. Therefore, researchers
should exercise caution in using sonication to reduce NP aggregation. Factors such as how
long the suspension has been sonicated and how long settling has occurred are important to
understanding the characteristics of the NPs and NP aggregates present. Sonication is not a
simple method that eliminates aggregation for an indefinite time period.
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Figure 3-32. Sedimentation of NPs in DDI.
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Figure 3-33. nZnO stability after sonication.

Figure 3-34. nTiO2 stability after sonication.
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Figure 3-35. nHgS stability after sonication.

3.4 Conclusions
The solubility of nZnO, nCuO, nTiO2, nFe2O3 and nHgS was monitored under
different simulated environmental conditions, including pH, ionic strength, and organic
carbon. In addition, the solubility of the five types of NPs in FETAX media was investigated.
The separation of the solid and dissolved phases was carried out by microfiltration methods.
Possible effects that could result from incomplete separation of particles by the filter were
tested. Chemical analysis of all the nano-sized metal oxide samples was accomplished by
acidification or microwave digestion followed by ICP-MS or ICP-AES measurement. The
fraction of dissolved mercury was measured by FIMS. The size distribution of the NP
aggregate was monitored in solubility experiments.
Microfiltration methods efficiently separated the solid and aqueous phases in the NP
suspensions. There were no significant peaks in the filtrate solution by UV absorbance
monitoring. The metal concentrations of the filtrates were less 2% of the total metal content,
except for laboratory-synthesized nZnO which was about 6%. Ultrasonication significantly
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reduced the size of NP aggregates, but the degree of this decrease was variable. Commercial
nZnO suspensions were most affected by sonication. The distribution of nFe2O3 aggregate
sizes was reduced only about 3% after sonication. In FETAX media, the solubility of nZnO
and nCuO suspensions was negligible, except the commercial nZnO showed some increase
in dissolved Zn2+ to a few mg/L level. In contrast, the levels of titanium and iron species
released were sufficient to potentially exert toxic effects. The solubility of these five types of
NPs was tested at four pH levels (3.95, 5.15, 6.62 and 9.40) using buffers of low metal
complexing capability. The results were compared with Visual Minteq simulations.
Apparently, nZnO and nCuO did not reach equilibrium at acidic conditions. Compared to
bulk solids, the solubility increased for nZnO (pH> pHpzc), nCuO (pH>6), nTiO2, nFe2O3 and
nHgS. The solubility of NPs in NOM solutions was measured at 5, 20 and 50 mg C/L. As the
NOM concentration increased, the solubility increased. Commercial and laboratorysynthesized NPs have significant differences, except for nZnO. NOM media has ability to
increase or decrease the aggregate compared to DDI media. Some NPs present smaller
aggregation size in 20 mg C/L NOM, for example nZnO and nHgS; while others have larger
size in NOM media. As the equilibrium time increased, most of the commercial and
synthesized NPs tended to have smaller aggregation size when present in NOM media
compared to the initial solution, because it was necessary to have enough equilibrium time to
have fulvic acid coating on the NPs surface. At various ionic strengths (0.01, 0.1 and 1.0 M),
the solubility of the five type of NPs did not change significantly. As a measure of NP
suspension stability, sedimentation experiments were monitored by UV-visible spectrometer
or visually measured. Commercial nZnO and nTiO2 could remain >95% by volume in the
upper layer aqueous phase over one week; while there was only 10% left for nHgS.
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Sonication assisted to reduce the cluster size of NPs. The maximum absorbance inUV-visible
spectra were obtained after 1 hour sonication and during the following 1 hour settling. As the
settling time increasing, the aggregation and precipitation become the dominant process in
NPs suspension.
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CHAPTER 4 Photochemical Reaction of Mercuric Sulfide NPs
4.1 Introduction
Under relevant environmental conditions, photoinduced chemical reactions may
involve NPs and result in dissolution, transport, and transformation. As mentioned before,
semiconductor NPs have ability to absorb light at wavelengths of energies in excess of the
bandgap. The effect in semiconductors, such as nHgS, is the generation of electron-hole pairs
upon light absorption (Zhang 2006). In addition, the role of NOM in photochemical
reactions, the mechanisms by which they occur, and factors affecting the rates, are
environmentally significant. Because NOM absorbs light in the photochemically important
UV and lower wavelength portion of the visible spectrum, it may be an important sensitizing
agent in aquatic photochemical reactions involving NPs.
Photoinduced chemical reactions of mercury (II) sulfide in aqueous solution could
result in varied solubilization, redox (Canário and Vale 2004), methylation, and
demethylation reactions. HgS is known to be photo-reactive semiconductor (Zhang 2006),
and can be dissolved under light irradiation. In 1977, it was reported that the photosolubilization of mercuric sulfide occurred under irradiation with light of ≤650nm and was
enhanced in the presence of oxygen and electrolytes (Akagi et al. 1977). The resultant
mercuric ions were easily methylated in the presence of acetate ions via the photosensitized
reaction with the simultaneously produced "photo-sulfur" under irradiation with light of
≤420nm. In 2002, a study demonstrated that light energy controls mercury emissions form

naturally enriched substrates (Gustin et al. 2002). With visible or UV incident light, the
emission from HgS was enhanced 6-8 times and returned to the dark emission rates as soon
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as light exposure ceased. It has been discovered that >300 nm photoirradiation of aqueous
suspensions

of

several

natural

and

synthesized

crystallites

of

HgS

induced

deaminocyclization of optically active or racemic lysine into pipecolinic acid under deaerated
conditions. HgS decomposed and hydrogen sulfide (H2S) and Hg2+ were released (Ohtani et
al. 2003; Pal et al.2003). But Hg2+ would undergo on-site reductive reaction on the surface of
HgS to Hg0. Hsieh in 1991 (Hsieh et al. 1991) concluded that the dissolved and vaporized
mercuric species increased with photoirradiation of metacinnabar in an aquatic system. The
mechanism proposed was photo-generated electrons reduced Hg (II) to Hg (0). The reactions
were appreciable in alkaline solutions.
That NOM can dissolve cinnabar (Ravichandran et al. 1998, 1999) and reduce
mercury abiotically has been well documented (Weber 1993). Meanwhile, it is more usual
for Hg (II) to be stabilized by being strongly chelated by these organic molecules. Light
degradation is very likely an important removal process for humic substances in the aquatic
environment (Lepane et al. 2003). With the recent depletion of the ozone layer and the
resulting increase in incident UVB( 280~320 nm) radiation, the process of molecular size
reduction by photodegradation could be noticeable (Bonzongo and Donkor 2003). Therefore,
UV-induced breakdown of organic matter to smaller organic compounds could speed up the
bioaccumulation of Hg (Nagase et al. 1982). Both degradation and production of
methylmercury could occur in surface waters (Sellers et al. 1996; Siciliano et al. 2002).
Fe(III) plays an important role in photochemical reactions of mercury species in the
aquatic environment (Ababenh et al. 2006). Photoreductionof Hg (II) by organic acid ligands
in the presence of various iron oxides and ambient aerosols has been studied (Lin and
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Pehkonen 1997). However, study of the possible methylation processes has not been carried
out.

4.2 Experimental Section

4.2.1 Materials and Analysis

All solutions were prepared in Milli-Q water (≥16 MΩ cm). The nHgS was
synthesized and isolated by the method described in Chapter 2. The chemicals used to
prepare pH buffer solution were MES, HAc, MOPS; tris-base without further purification.
The pH was measured with a ThermoOrion pH meter. The mercury species analyzed in this
section were methylmercury, divalent inorganic mercury and BrCl oxidized total mercury.
Hg(II) species were readily reduced to Hg0 by SnCl2 and measured on the Perkin-Elmer
FIMS (described in Chapter 2), while methylmercury is unaffected. The methylmercury
concentration was analyzed by EPA Method 1630 (USA EPA 1998) in ecological lab of
University of Minnesota. Total mercury was obtained after oxidation by bromine chloride
solution and reduction of excess BrCl by NH2OH·HCl. Hence, the organic fraction was
calculated from the difference between the initial inorganic mercury and the final total
mercury.
The photochemistry station is composed of a 450 Watt Xenon Arc Lamp (OSRAM)
contained within a Photon Technology International (PTI) 6000 lamp housing and powered
by a PTI PS-1200 power supply. The setup includes a cooling system, optical filters (Oriel,
for simulating sea level sunlight characteristics, selecting wavelength regions, and to remove
excess IR wavelengths), and a merry-go-round turntable reactor (Ace Glass).

Sample

containers for the turntable reactor were quartz tubes (capped or uncapped, 12 mm O.D.)

142

Larger single batch reactors were easily accommodated as well. The current lamp housing
and power supply can accommodate lamps of power ratings between 300 and 1000W.
Another lamp housing and power supply were available in the laboratory for lamps between
75 and 300W. This instrumentation and its use had been described in more detail by Pac
(Pac 2003). Meanwhile, dark control experiments were performed in order to evaluate the
decomposition of NOM.
The high performance liquid chromatography/size exclusion chromatography
(HPLC/SEC) system used is a Dionex DX 500 Chromatography System (Dionex, Sunnyvale,
CA). It is equipped with a PDA-100 Photodiode Array Detector and a Dionex AS-50
Autosampler. A Waters Protein Pak-125 (7.8×250 mm) size exclusion column was used for
all analyses. An SEC buffer was prepared and used as the mobile phase throughout all
chromatography analyses. The eluent contained sodium chloride (0.1 M NaCl) and
monobasic and dibasic sodium phosphate (2 mM NaH2PO4 and Na2HPO4, respectively). The
eluent was prepared to maintain a pH range between 6.8-7.0 as well as a high ionic strength
( I = 0.1M ), and was vacuum filtered through a preconditioned 0.2 µm PTFE syringe filter to
prevent particle interference, and then degassed using 100% helium for a minimum of 30
minutes (Chin, Alken and O’Loughiln 1994). The eluent flow rate and column temperature
were set to 1.0 mL/min and 30 °C, respectively. Absorbance measurements were taken at 224
nm and 254 nm. Column calibration standards were prepared by dissolving sodium
polystyrene sulfonates standards (18000, 13000, 8000, 6800, 4600, and 1800) (Fluka),
sulfonazo III, and acetone in 100% Milli-Q filtered water at a concentration of approximately
300 ppm. All standards were then filtered through 0.2 µm PTFE syringe filter and placed into
2 mL glass autosampler vials.
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Dried NOM was purchased from International Humic Substances Society (IHSS)
(1R101N Suwannee River Humic acid reverse osmosis isolate). The filtered NOM samples
were analyzed using HPLC/SEC techniques to better quantify the organic matter in each
sample. HPLC/SEC uses a column in which the stationary phase is porous, inert material.
Silica of a relatively narrow pore size distribution is commonly used. Large analytes are not
able to penetrate the small pores of the column and thus would be eluted quickly, resulting in
shorter retention times. Smaller molecules would interact with the pores of the column,
resulting in longer retention times. A chromatogram was produced which correlated
absorbance to specific retention times. Through the use of standards with known retention
times and molecular weights, the weight-average MW (MWw), number-average MW
(MWn), and polydispersity (ρ) values can be calculated (Chin and Gschwend 1991, Pac
2003).
N

N

MWw = ∑ (hi ⋅ MWi ) / ∑ hi ……………………...………………………………..4-1
i =1

N

i =1

N

MWn = ∑ hi / ∑ (hi / MWi ) ……………………………………………………….4-2
i =1

ρ=

i =1

MWw
…………………………………………………………………………4-3
MWn

Where hi is the height of the sample SEC curve eluted at “ i ” volume. Polydispersity
describes the heterogeneity of the molecules in the mixture. When ρ = 1 , the MWW and MWn
will be equal; if ρ > 1 , then the molecules in the mixture are not homogeneous and represent
a range of molecular weights (Chin, Alken and O’Loughiln 1994).
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4.2.2 Photochemical reactions at various pH values

This study was conducted under relatively acidic, neutral, and alkaline conditions (pH
4~9). The solutions were prepared as:
0.1 M HAc/Ac (pH=3.95 or 4.43) in 0.02 M NaNO3;
0.1 M MES (pH=5.15) in 0.02 M NaNO3;
0.1 M MOPS (pH=6.62) in 0.02 M NaNO3;
0.1 M Tris-base (pH=9.40) in 0.02 M NaNO3.
Samples were prepared by suspending about 2 mg nHgS in 9 mL of the pH media with
duplicates, followed by sonication for 30 minutes. Samples were then irradiated in the
photochemstation or placed in a dark location for 7 hours. All samples were filtered by 0.2
µm PTFE filters to obtain 3 mL filtrate. Filtrate samples were separated by three fractions.
The first fraction was put in FIMS by adding 10 mL 3% v/v HCl to measure inorganic
mercury. The second fraction was oxidized by BrCl at room temperature over 1 day and
measured by FIMS for total mercury. The third fraction was stored at 4 °C after adding 1 mL
3% v/v HCl and shipped in ice box to University of Minnesota for methylmercury
measurement.

4.2.3 Fe(III) influence on photochemical reactions of HgS NPs

Fe(III) has important influences on photochemical reactions of mercury species in the
aquatic environment (Ababenh et al. 2006). Fulvic and humic acids act as natural chelating
agents and methyl donors in the environment. The photomethylation of nHgS in aqueous
solution were investigated in the presence of 10 mg C/L NOM. Fe(NH4)(SO4)2·12H2O was
used as Fe(III) source in nHgS photoreactions. The concentration of Fe(III) was adjusted to
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0, 5, 10 µM. The pH was adjusted to 6.6 and 9.4 by the buffer solutions (MOPS and Trisbase).

4.3 Results and Discussion

4.3.1 HAc/Ac medium

The photolysis of nHgS in the presence of some organic compounds, for example
acetic acid, was initiated through light absorption in the aquatic system. Not only nHgS, but
also acetic acid may absorb light (Figure 4-1). The net yield of inorganic divalent mercury,
and total mercury were monitored. Organic mercury was calculated as the difference between
the total and inorganic mercury. Prepared HAc/Ac buffer solution absorbed light at around
300 nm. Inorganic and total mercury were generated shown in Figure 4-2. The actual
measured values are listed in Table A-8. Under light irradiation, inorganic mercury and total
dissolved mercury increased compared to the dark condition. The inorganic fraction increase
during irradiation was about 10 times larger than the increase in the dark samples. The
organic fraction was much larger than inorganic and its increase during irradiation was about
twice the increase observed in dark samples. It has been reported that inorganic mercury was
photomethylated by ultraviolet light in the presence of such compounds as methanol, ethanol,
and acetic acid as methyl donors (Kitamura and Sumino 1972). The increasing organic
fraction could be methylmercury or others. The speciation was investigated in later
experiments.
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Figure 4-1. UV-Visible spectrum of HAc/Ac medium.
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Figure 4-2. Formation of mercury species during irradiation of an air-saturated HAc/Ac
medium.
4.3.2 NOM medium

Dried NOM was prepared to get final concentration as 1, 5 and 10 mg C L-1.
Approximately 9 mL of the NOM added to quartz vials. Under light irradiation up to 15
hours, the UV absorbance at 254, 280 and 485 nm was monitored. The molecular weight
changes were tested by HPLC/SEC. Calibration curves were used to quantify the change of
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the molecular size of the NOM samples shown in Figure 4-3. The typical NOM UV-visible
spectra are shown in Figure 4-4.
After light irradiation, the changes of UV-visible absorbance at 254 nm decreased
less than 6%. The absorbance decreased about 9% at wavelength 280 nm. The absorbance
change at wavelength 485 nm was less than 2% shown in Figure 4-5. TOC changes under
light irradiation were about 1% shown in Figure 4-6. This result was consistent with other
research (Lepane et al. 2003).
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Figure 4-3. Calibration curve for HPLC/SEC.
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Figure 4-4. UV-visible absorbance of NOM at different concentrations.
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Figure 4-5. UV-visible absorbance of NOM during light irradiation.
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Figure 4-6. TOC changes of NOM during light irradiation.
The molecular size changes over 7 hours light irradiation with and without nHgS are
listed in Tables 4-1 and 4-2. The pH of the solution was about 4.1 and did not change over
time. The weight-average molecular weights decreased about 20% without nHgS present. In
the presence of nHgS the decrease was only 5%. However, in the dark controls, the NOM
molecular size with nHgS was only about 60% of the molecular weights of the samples
without nHgS. One possible explanation is that larger NOM molecules absorbed on the
surface of nHgS and were removed with the particles by filtration before the HPLC/SEC
measurement.
Table 4-1. Molecular weight comparison of dark and irradiation.
Average MW±SE (Daltons)

MWw

MWn

ρ

7-hour dark

904.6±5.2 231.0±4.1

3.92

7-hour irradiation

733.4±2.7 333.6±3.2

2.20

Table 4-2. Molecular weight comparison of dark and irradiation with nHgS.
Average MW±SE (Daltons)

MWw

MWn

ρ

7-hour dark

554.8±4.6 235.7±1.8

2.26

7-hour irradiation

525.8±2.3 233.1±2.8

2.43
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Nano-size HgS (~2 mg) was suspended in 0.1 M HAc/Ac buffer and 10 mg C L-1
NOM medium respectively with and without 7 hours light irradiation. Inorganic mercury,
organic mercury, methylmercury and total mercury were measured individually shown in
Figures 4-7 and 4-10. The measured and calculated values are listed in Table A-9. Under
dark conditions, BrCl oxidizable mercury (total mercury) was lower in HAc/Ac medium
compared with NOM medium. The inorganic and methylmercury were barely detectable.
Detected total mercury in HAc/Ac medium was increased with light, and almost 50% was
present as methylmercury. Total mercury in the NOM medium did not significantly increase
under light compared to dark conditions, but the inorganic and methylmercury fractions were
increased. Under light, both HAc/Ac and NOM increased the solubility of nHgS. Compared
to the complex NOM molecular structure, HAc/Ac has more available methyl groups to
generate methylmercury. Studies have shown that lower molecular weight (MW<200)
compounds are active in methylation (Nagase et al. 1982). Although 7 hours irradiation
helped to reduce the molecular weight of the NOM samples, compared with 15 hours light
irradiation, the decrease of NOM size must be less than 20%. In addition, most of the NOM
molecular have larger MW 200. Therefore, the concentration of the methyl-donating groups
in irradiated NOM media was not as reactive as the 0.1 M acetate media. Overall, the results
show a photochemical route to methylmercury from nHgS and organic acids can be
significant.
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Figure 4-7. Total mercury production in 0.1 M HAc/Ac buffer and 10 mg C L-1 NOM.
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Figure 4-8. Inorganic mercury production in 0.1 M HAc/Ac buffer and 10 mg C L-1 NOM.
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Figure 4-9. Organic mercury production in 0.1 M HAc/Ac buffer and 10 mg C L-1 NOM.
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Figure 4-10. Methylmercury production in 0.1 M HAc/Ac buffer and 10 mg C L-1 NOM.
4.3.3 Effect of pH

4.3.3.1 Light absorption characterization
NOM (10 mg C L-1) was prepared in 0.1 M MES (pH=5.15), 0.1 M MOPS (pH=6.62)
and 0.1 M Tris-base (pH=9.40) media. Ionic strength was adjusted by high purity NaNO3 to
0.02 M. The UV-Vis spectra of these buffer solutions are shown in Figures 4-11 to 4-13. All
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of the spectra are similar to the spectra of NOM solutions without buffer. Therefore, the
buffer media did not significantly affect the light absorption and transmission characteristics
of the samples.

4.3.3.2 Hg generation
Nano-size HgS (~2 mg) was suspended in various pH media with or without 10 mg C
L-1 NOM and treated under light irradiation or dark conditions. The generation of inorganic,
methyl, organic mercury and total mercury were monitored and calculated respectively
(Figure 4-14 to 4-21). All the measured and calculated values are list in Tables A-10 and A11.
In solutions containing only nHgS and buffer, the highest mercury generation,
including inorganic, methyl, organic and total mercury, occurred at pH 9.37 with irradiated
solutions producing more dissolved mercury species than the dark controls. As the pH of the
buffer media decreased, lower concentrations of dissolved mercury species were detected. At
all acidic pH values, total mercury was nearly completely accounted for as inorganic
mercury, with low levels of methylmercury observed. Irradiation increased concentrations of
all mercury species compared to the dark controls, although some differences were not
statistically significant. NOM influence on the mercury generation was varied in different pH
solutions. Total mercury concentrations in irradiated solutions at pH 5.15 and 9.37 were
higher than dark solutions and, although statistically uncertain, higher than irradiated
solutions without NOM. Inorganic mercury species accounted for more of the total mercury
than did methylmercury. Methylmercury was detected at measurable levels only at pH 9.37
with a statistically insignificant increase in the irradiated samples.
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Figure 4-11. UV-visible spectrum of 10 mg C L-1 NOM in 0.1 M MES buffer medium.
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Figure 4-12. UV-visible spectrum of 10 mg C L-1 NOM in 0.1 M MOPS buffer medium.
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Figure 4-13. UV-visible spectrum of 10 mg C L-1 NOM in 0.1 M Tris-base buffer medium.
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Figure 4-14. Total mercury production in pH buffers.
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Figure 4-15. Inorganic mercury production in pH buffers.
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Figure 4-16. Organic mercury production in pH buffers.
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Figure 4-17. Methylmercury production in pH buffers.
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Figure 4-18. Total mercury production in pH buffers with 10 mg C L-1 NOM.
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Figure 4-19. Inorganic mercury production in pH buffers with 10 mg C L-1 NOM.
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Figure 4-20. Organic mercury production in pH buffers with 10 mg C L-1 NOM.
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Figure 4-21. Methylmercury production in pH buffers with 10 mg C L-1 NOM.
The reactions were appreciable in alkaline solutions, because the dissolved fraction
was highest as the pH was higher (Hsieh et al. 1991). The solubility of nHgS in pH 3.95,
5.15, 6.62 and 9.40 shown in Figure 3-7 confirmed the highest dissolution occurred in
alkaline media. When light was introduced to the reaction, the formation of mercury species
was even more significant. The production of total mercury increased in 10 mg C L-1 NOM
buffer solutions. However the monitored inorganic and methyl mercury species varied. For
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example, when 10 mg C L-1 NOM was introduced to the media, the formation of
methylmercury was lower than the pure buffer solutions under three pH media and light/dark
conditions. One possible explanation is that NOM complexation or absorption on the surface
of nHgS and the filtration process could not avoid the removal of adsorbed species.

4.3.3.3 NOM molecular size
NOM samples (10 mg C/L in 0.02 M NaNO3) in pH 5.1, 6.5, and 9.1solutions were
subjected to 7 hours of light irradiation or equilibration in the dark. The molecular weight
comparisons are listed in Table 4-3 and 4-4 without and with the presence of nHgS
respectively. At these three pH values, the molecular size decreased after 7 hours light
irradiation. The decrease in the NOM molecular size became significant at pH values greater
than 6 and increased with increasing pH. The degree of the degradation was similar with and
without nHgS presence.
Under light irradiation, NOM photodegraded to smaller molecular size which tend to
complex mercury more easily. Therefore, total dissolved mercury would be expected to
increase with light irradiation. However, mercury species could be re-adsorbed onto the
nHgS particle surface (Hsieh et al. 1991) or complexed with NOM. Methylation is affected
by ligand complexation. Methylmercury generation could decrease as NOM size decreases
and complexation increases. Inorganic mercury production could vary due to complexation
as well.
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Table 4-3. Molecular weight comparison of dark and irradiation in three pH media.
Average MWw±SE (Daltons)

pH 5.1

7-hour Dark

849.7±8.6 1127.1±5.9 1242.6±4.7

7-hour irradiation

825.7±4.7 900.2±6.4

MWw decrease (%)

pH 6.5

3

pH 9.1

20

967.1±3.4
22

Table 4-4. Molecular weight comparison of dark and irradiation in three pH media with
nHgS.
Average MWw±SE (Daltons) pH 5.1
pH 6.5
pH 9.1
7-hour Dark

517.1±2.1 917.1±3.6 789.5±2.9

7-hour irradiation

476.1±6.3 731.4±5.9 619.3±5.6

MWw decrease (%)

8

20

22

4.3.4 Effect of Fe(III)

Fe(NH4)(SO4)2·12H2O was used to represent the photosensitive Fe(III) complexes in
10 mg C/L NOM. The concentration of Fe (III) was adjusted to 5 and 10 µM. The pH was
adjusted to 6.61 and 9.38 by the buffer solutions (MOPS and Tris-base). Approximate 2 mg
nHgS was suspended in Fe(III) media. The inorganic, methyl and total mercury were
monitored after 7-hour light irradiation or dark equilibration.

4.3.4.1 Hg generation
At neutral pH, the generation of mercury was relatively low shown in Figures 4-22 to
4-25. There was slightly difference between 5, 10 µM Fe(III) solutions with the blank.
However, when nHgS present in alkaline solution, the production of mercury species
increased dramatically compared to pH 6.61 shown in Figures 4-26 to 4-29. All the measured
values are listed in Table A-12 and A-13 The influence of Fe(III) was only significant as the
concentration increased to 10 µM in the irradiated solutions.
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It was reported that the rates of mercury release to solution were dramatically higher
in the system containing Fe(III) (Burkstaller et al. 1975). But in neutral solution, the
generation of mercury species was relatively limited. There was slightly difference in various
Fe(III) concentrations. However, substrates containing higher concentration of Fe(III)
exhibited a higher degree of light–enhanced emissions relative to that containing
predominantly nHgS in alkaline media. The mercury generation did not change significant
until Fe(III) concentration as high as 10 µM. The difference between dark equilibrium and
light irradiation were undetectable when Fe(III) was up to 5 µM. The generated
methylmercury was the net fraction through the photoirradition. Mercury methylation was
not influenced by the excess Fe(III) in the media. Therefore, 10 µM Fe(III) in the substrate
could increase the dissolution of nHgS, but hasn’t facilitated its methylation in alkaline
conditions. In addition, Zhang and Lindberg (2001) reported that Fe(III) induced
photochemical production of dissolved gaseous mercury. Due to experiment limitations, the
gas phase or elemental mercury was not monitored.
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Figure 4-22. Total mercury formation at various Fe(III) concentration (pH=6.61).
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Figure 4-23. Inorganic mercury formation at various Fe(III) concentration (pH=6.61).
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Figure 4-24. Organic mercury formation at various Fe(III) concentration (pH=6.61).
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Figure 4-25. Methyl mercury formation at various Fe(III) concentration (pH=6.61).
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Figure 4-26. Total mercury formation at various Fe(III) concentration (pH=9.38).
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Figure 4-27. Inorganic mercury formation at various Fe(III) concentration (pH=9.38).
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Figure 4-28. Organic mercury formation at various Fe(III) concentration (pH=9.38).
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Figure 4-29. Methyl mercury formation at various Fe(III) concentration (pH=9.38).
4.3.4.2 NOM molecular size
The molecular size changes in pH 6.6 and pH 9.1 medium with or without nHgS
presence were monitored shown in Tables 4-5 to 4-8. In general, the molecular size
decreased after 7 hours light irradiation by 10-30%. The influence of Fe(III) on the NOM
photodegradation was varied. The decrease was not related with the concentration of Fe(III).
This degradation was less significant when nHgS existed in the system, which was not
surprising because of the possible absorption.
Table 4-5. Molecular weight comparison of dark and irradiation in Fe(III) media at pH 6.6.
Average MWw±SE (Daltons) 0 µM Fe(III) 5 µM Fe(III) 10 µM Fe(III)
7-hour dark
7-hour irradiation
MWw decrease (%)

1053.7±3.9

1040.5±6.4

1097.2±9.1

819.8±2.3

806.1±6.9

714.6±2.3

22

23

35
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Table 4-6. Molecular weight comparison of dark and irradiation in Fe(III) media at pH 9.1.
Average MWw±SE (Daltons)

0 µM Fe(III)

5 µM Fe(III)

10 µM Fe(III)

7-hour dark

998.1±2.6

1020.7±3.2

942.2±6.1

7-hour irradiation

680.1±6.3

685.7±4.4

668.4±5.3

32

33

29

MWw decrease (%)

Table 4-7. Molecular weight comparison of dark and irradiation in Fe(III) media at pH 6.6
with nHgS.
Average MWw±SE (Daltons) 0 µM Fe(III) 5 µM Fe(III) 10 µM Fe(III)
7-hour dark

832.9±1.9

895.4±1.9

725.8±1.6

7-hour irradiation

723.3±5.1

664.2±2.1

639.5±4.9

13

26

12

MWw Reducing (%)

Table 4-8. Molecular weight comparison of dark and irradiation in Fe(III) media at pH 9.1
with nHgS.
Average MWw±SE (Daltons) 0 µM Fe(III) 5 µM Fe(III) 10 µM Fe(III)
7-hour dark

766.2±1.4

812.3±3.2

766.1±1.8

7-hour irradiation

642.2±1.9

703.8±2.9

614.5±2.7

16

13

20

MWw Reducing (%)

The molecular size changes were monitored to explain the potential methylation in
the simulated aquatic system. Based on the currently experiments, the relationship between
decreasing molecule size with methylmercury generation did not exist as expect.
In addition, dissolved methylmercury can also undergo photodecomposition, which in
lakes is an important sink comparable to biotic demethylation processes (Sellers et al. 1996).
Indirect photolysis may be a potential pathway for methylmercury degradation due to the
photochemical formation of aqueous free radicals in sunlit natural waters (Chen et al. 2003).
Meanwhile, Hg(II) as the methylmercury source in aqueous environment, could undergo
photoreduction and photooxidation in natural waters (Lalonde et al. 2001). The observed
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total dissolved, inorganic and methyl mercury concentration only referred to the steady state
generation through the experiments.

4.4 Conclusions
The photo-solubilization of nano-size mercuric sulfide occurred under irradiation
with light ≥280 nm and was enhanced in the presence of HAc/Ac, NOM, and Fe(III) or in
alkaline media. The resultant mercuric ions were easily methylated in the presence of any
possible methyl donors. UV-visible spectrum of the studied media (HAc/Ac, NOM, buffer
solution and Fe(III) solutions) were monitored, which have similar light absorbance
wavelength at 300 nm. The photochemical studies of nano-size mercuric sulfide revealed that
light-enhanced release of dissolved Hg species were found to occur from substrates amended
with methyl donor compounds, such as HAc/Ac and NOM. HAc/Ac has more available
methyl group and tended to induce the higher concentration of methyl mercury. Total
dissolved light-enhanced mercury was double than occurring in the dark in the HAc/Ac
substrate. The molecular weight and polydispersity properties of the NOM samples were
monitored. 10 mg C/L NOM was photodegraded under all circumstances. The molecular size
decreased after 7 hours photoirradiation.
Photoirradiation of nHgS experiment showed the dissolution and methylation was
pH-dependent. The influence of photolysis media acidic or alkaline condition is crucial in the
photolytically produced dissolved mercury speciation. The dissolution of mercury became
appreciable at pH values greater than 6 and increased with increasing pH. The production of
total mercury increased when 10 mg C/L NOM introduced in the buffer solution. However,
the inorganic and methyl mercury species varied. For example, the formation of

168

methylmercury was lower than the pure buffer solution under three pH media and light/dark
conditions.
Light irradiation of aqueous neutral or alkaline nHgS suspensions in the presence of
various concentrations of Fe(III) and 10 mg C/L NOM results in partial dissolution and
methylation. However, the mercury generation was significant only when the Fe(III) was
about 10 µM in alkaline media.
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CHAPTER 5 Conclusions
5.1 Conclusions
There is great importance in the study of the sound development of nanotechnology.
Lack of fully understanding of NP characteristics can lead to ambiguous results. In this work,
five types of metal-based NPs iron oxide (or hematite, α-Fe2O3), copper oxide (CuO),
titanium dioxide (TiO2), and zinc oxide (ZnO) and nano-sized mercuric sulfide (nHgS) have
been laboratory-synthesized or purchased to study their environmental chemistry.
Characterized methods were discussed. Modified sol-gel methods were used to get high
purity and uniform NPs. Zinc oxide was synthesized in ethanol, and particle diameters
ranging over 5-20 nm were obtained, whereas commercial one has over 100 nm in diameter.
As the concentration of the precursor in nZnO synthesis process increased three times, the
aggregation increased dramatically. In addition, the reaction temperature affected the particle
size as well, which was evaluated by UV-Visible spectrum. As the reaction temperature
increased from 0 °C to room temperature, the UV absorbance increased and the
corresponding bandgap increased which meant the primary particle size increased as well.
The particles are spherical and the surface composition present high purity. The crystal
structure confirmed as wurzite. The bandgap calculated based on UV-visible spectra was 3.3
eV. The surface area was >50 m2/g and significantly higher than the commercial one. But,
the degree of aggregation was more considerable than the commercial source. The surface
property was examined by acid-base titration. The pHpzc of the commercial nZnO was about
8.1.
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Final nCuO synthesis process included pH adjustment, and calcination. Strong
calcination conditions, such as longer time and higher temperature, facilitated the generation
of nano-sized crystal based on SEM/TEM and XRD results. The final particles were about
20-40 nm in diameter and spherical. The crystal structure is tenorite. The laboratorysynthesized nCuO has smaller surface area, but has larger aggregate size compared to the
commercial nCuO. The pHpzc value was 8.3.
The laboratory-synthesized nTiO2 was prepared in an ice bath and pH-adjusted
medium following the acid-hydrolysis method. However, the precursors, titanium
isopropoxide Ti(C12H28O4); titanium tetrachloride (TiCl4) did not present different properties.
Mild calcination assisted the crystal structure generation. The particle size is generally 10-20
nm; the shape was oblong and the crystal structure was anatase. Its bandgap is 3.3 eV. The
laboratory-synthesized source has larger surface area, but higher degree of aggregation
compared to the commercial one. The pHpzc was 6.7.
Nano-size iron oxide particles were obtained by adding FeCl3 dropwise to boiling
water, then dialysis against DDI instead of HClO4 solution to prevent possible toxic effect on
further study. However, nFe2O3 was relatively easier synthesized in sonication condition. The
generated crystal hematite particles were 20-35 nm in diameter and spherical. The
synthesized nFe2O3 has smaller particle size, less aggregation and higher surface area than
the commercial one. The pHpzc value was about 7.1.
Synthetic crystals of metacinnabar were made by sonication and nitrogen purging
method. The controlled factors included pH adjustment, oxygen-free condition, surfactantfree etc. Finally, the nHgS primary particle was about 10-15 nm in diameter and spherical;
the aggregation was less than 300 nm in diameter. The particle size was calculated smaller
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with soniation treatment. The bandgap was 2.2 eV. The surface area was 14 m2/g or so. The
pHpzc was 8.0.
NPs may have potential toxicity effects if releasing to the aquatic environment. The
aquatic behavior of nZnO, nCuO, nTiO2, nFe2O3 and nHgS was monitored under different
simulated environmental conditions, including pH, ionic strength, and the presence of NOM
and FETAX medium etc. The properties evaluated included the solubility, aggregation status,
stability and sedimentation. Microfiltration methods were used to separate the solid and
dissolved phase, since the aggregation present in all of the NP suspension and the size of the
aggregation was as large as few hundred nanometer. UV-Visible spectrum showed that 0.2
µm PTFE filters efficiently performed the separation. As reported, ultrasonication was able to

reduce the aggregation of the NPs. Commercial nZnO suspensions have been most disrupted
by sonication, decreasing about 70% after 30 minutes sonication. The least affected NP was
nFe2O3 for which aggregate size distribution only reduced 3% after sonication. Other metal
oxide NPs reduced the aggregation about 20% with sonication. The solubility experiment in
FETAX medium showed that there were negligible dissolved Zn, Cu released from nZnO
and nCuO suspension, but commercial nZnO has few mg/L released Zn2+. However, the
possible released fraction from the TiO2 and Fe2O3 suspension solutions could influence the
toxicity effect due to part of the dissolved metal fractions in FETAX media. At various pH
media (pH=3.95, 5.15, 6.62 and 9.40), the dissolved fraction was compared with Vminteq
prediction. It was found that nZnO and nCuO did not reach equilibrium at acidic conditions.
As the particle size decreased to nanoscale, the solubility increased for nZnO (pH> pHpzc),
nCuO (pH>6), nTiO2, nFe2O3 and nHgS. In the simulated NOM solutions (5; 20 and 50 mg
C/L), higher the NOM concentration, higher the dissolved fraction detected. However, the
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detected fraction may be not present as free metal ionic. The aggregation size in DDI and
NOM media was examined at the beginning and the end of the experiments. 20 mg C/L
NOM could reduce (for nZnO and nHgS) or increase (for nCuO, nTiO2 and nFe2O3) the
aggregation size. Compared the aggregate size of the initial solution and after 7 days
equilibration, most of the commercial and laboratory-synthesized NPs tended to have smaller
aggregation size when they were present in NOM media, except commercial nCuO and
synthesized nZnO, since it was necessary to have enough equilibrium time to have fulvic
acid coating on the NPs surface. In general, ionic strength (0.01, 0.1 and 1.0M) was not the
control factor affecting the solubility of these five types of NPs. Sedimentation experiments
were visually measured the interface changes through the experiments. Commercial nZnO
and nTiO2 remained >95% in the upper layer aqueous phase over one week; however there
was only 10% left for nHgS suspension. Stability was monitored by UV-vis spectrometer at
particular wavelength. The maximum UV-Vis spectrum happened after 1 hour sonication and
last in the following 1 hour settling. As the settling time increasing, the aggregation and
precipitation become the dominant process in NPs suspension.
Some preliminary experiments focused on the photo-solubilization of nano-size
mercuric sulfide carried out under irradiation with light ≥280 nm. Various methyl donor,
HAc/Ac, NOM, pH value of the solution and the presence of Fe(III) were adjusted. The peak
light absorbance of all of the solution occurred at approximately 300 nm. The reaction was
light-enhanced and pH-dependent. The dissolution of mercury became appreciable at pH
values greater than 6 and increased with increasing pH value. And the production of total
mercury increased when 10 mg C/L NOM introduced in the buffer solution. However, the
inorganic and methyl mercury species varied. For example, the formation of methylmercury
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was lower than the pure buffer solution under three pH media and light/dark conditions.
Light irradiation of aqueous neutral or alkaline nHgS suspensions in the presence of various
concentrations of Fe(III) and 10 mg C/L NOM resulted in partial dissolution and
methylation. However, the mercury generated increased significantly only when the Fe(III)
was about 10 µM in alkaline media. NOM molecular size decreased at various pH value
solutions after 7 hours light irradiation. The molecular size changes of the NOM samples
couldn’t confirm the relationship between decreasing molecule size with methylmercury
generation based on the currently experiments.

5.2 Significance and Future Research
NPs of ZnO, TiO2, Fe2O3, CuO and HgS were synthesized with modified methods.
These methods may demonstrate a simple and convenient method for further synthesis. The
laboratory-synthesized quality can be compared to commercial engineered NPs. In addition,
the laboratory-synthesized product has controllable pretreatment and higher purity.
Therefore, it may be a better product to be used in further toxicity test. Fundamental physical
and chemical characterizations and studies of NP environmental behavior should be helpful
to predict the behavior of ZnO, TiO2, Fe2O3, CuO and HgS NPs in defined media. These
characterization methods should be widely used for NP-related research. The physical
characterization, such as NP crystal structure, surface components, morphology, aggregation,
and surface area, plus the chemical properties, such as surface charge, point of zero charge,
and solubility, could be essential factors to explain the environmental behavior and toxicity
of NPs in aquatic systems. NPs, especial semiconductor materials, have potential
photochemical activity in the aquatic environment. The preliminary photochemical-related
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nHgS experiments will indicate major transformation and provide information for further
study.
Although there are many details of NPs characterization methods provided here, some
of the characterizations should be addressed for particular applications. The aggregation of
the NPs present in the aquatic environment should be synchronously monitored throughout
the experiments. A better understanding of the overall complexation between metals and
ligands will also need to be explained. Mercury speciation analysis was short of element
mercury, which could provide a full picture of mercuric sulfide photoreactions. Kinetic
studies on the solubility and photochemical reaction should be carried out.

Appendix A
Table A-1. Comparison of dissolved ZnO from Visual Minteq predictions and experiments.
[Zn]

Mean ± SE (mg/L) pH=3.95

Visual Minteq

Zincite

Experiment

pH=5.15
162.5

Syn. nZnO

pH=9.40

162.5

0.1

133.3±0.3 149.2±0.5 130.9±0.1

2.5±0.0

102.1±0.3

6.1±0.1

162.5

Com. nZnO

pH=6.62

98.3±0.1

93.3±0.1

Table A-2. Comparison of dissolved CuO from Visual Minteq predictions and experiments.

[Cu]

Mean ± SE (mg/L) pH=3.95

Visual Minteq

Tenorite

Syn. nCuO

pH=6.62

pH=9.40

162. 5

0.4

2.89×10-4

142.1±0.4 103.3±0.4

1.6±0.0

1.3±0.0

144.2±0.4 119.6±0.2

1.6±0.0

1.3±0.0

162.5

Com. nCuO
Experiment

pH=5.15

Table A-3. Comparison of dissolved TiO2 from Visual Minteq predictions and experiments.
Mean ± SE (µg/L)

[Ti]
Visual Minteq
Experiment

pH=3.95

Anatase

pH=5.15

pH=6.62

pH=9.40

0.1

0.1

0.1

0.1

Com. nTiO2

48.9±8.3

106.1±15.5

66.0±1.8

4.3±0.7

Syn. nTiO2

99.4±2. 8

86.2±14.3

25. 8±1.5

7.1±1.2

Table A-4. Comparison of dissolved Fe2O3 from Visual Minteq predictions and experiments.
[Fe]

Mean ± SE (µg/L) pH=3.95

pH=5.15

pH=6.62

pH=9.40

Visual
Minteq

Hematite
Com. nFe2O3

Experiment Syn. nFe2O3

9.0×10-2

3.1×10-3

1.0×10-4

1.2×10-4

79.2±13.4

<DL

29.2±10.6

104.2±31.8

54.2±0.7

254.2±53.0

<DL

8.3±4.2
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Table A-5. Comparison of dissolved HgS from Visual Minteq predictions and experiments.
[Hg] (µg/L)

pH=3.95 pH=5.15 pH=6.62 pH=9.40

Visual Minteq (metacinnabar)

2.6×10-4

2.5×10-4

3.9×10-4

2.2×10-2

0.4±0.0

0.0±0.0

0.3±0.1

5.8±0.5

Experiment

Table A-6. NPs solubility in NOM media.
Mean±SE

Buffer

5 mg C/L

20 mg C/L

50 mg C/L

(0 mg C/L NOM)

NOM

NOM

NOM

Commercial (mg/L)

2.5±0.0

1.6±0.0

12.0±0.0

14.3±0.0

Synthesized(mg/L)

6.1±0.0

2.0±0.1

12.2±0.1

14.6±0.0

Commercial(mg/L)

1.3±0.0

1.3±0.0

8.2±0.0

9.9±0.0

Synthesized(mg/L)

1.3±0.0

0.7±0.0

12.7±0.9

13.6±0.7

Commercial(mg/L)

0.0±0.0

0.0±0.0

0.3±0.0

0.3±0.0

Synthesized(mg/L)

0.0±0.0

0.0±0.0

0.0±0.0

0.0±0.0

Commercial(mg/L)

0.1±0.0

0.1±0.0

1.0±0.0

1.2±0.0

Synthesized(mg/L)

0.0±0.0

0.1±0.0

1.8±0.0

2.0±0.1

Synthesized(µg/L)

5.8±0.5

1.4±0.1

19.9±0.4

151.4±1.3

NPs
Source

nZnO

nCuO

nTiO2

nFe2O3

nHgS
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Table A-7. NPs solubility in three ionic strength media.
Mean±SE
NPs

0.01 M

0.1 M

1.0 M

Source
Commercial (mg/L)

1.1±0.0

1.2±0.0

1.0±0.0

Synthesized(mg/L)

1.6±0.0

1.8±0.0

2.0±0.0

Commercial(mg/L)

1.1±0.0

1.0±0.0

0.9±0.0

Synthesized(mg/L)

0.5±0.0

0.5±0.9

0.7±0.0

Commercial(µg/L)

8.3±1.4

0.0±0.0

0.0±0.0

Synthesized(µg/L)

0.0±0.0

0.0±0.0

7.4±1.3

Commercial(mg/L)

<DL

0.0±0.0

<DL

Synthesized(mg/L)

0.3±0.0

<DL

<DL

Synthesized(µg/L)

0.5±0.0

0.5±0.0

0.5±0.0

nZnO

nCuO

nTiO2

nFe2O3

nHgS

Table A-8. nHgS solubility in HAc/Ac medium.
Mean±SE(µg/L)

Total Hg

Inorganic Hg

Organic Hg

7-hour dark

0.17±0.02

0.01±0.00

0.16±0.01

7-hour irradiation

0.38±0.01

0.10±0.01

0.28±0.03
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Table A-9. Comparison of nHgS solubility in HAc/Ac and 10 mg C/L NOM.
Mean±SE(µg/L)

Total Hg

Inorganic Hg

Organic Hg

Methyl Hg

7-hour dark

0.07±0.02

0.00±0.00

0.07±0.00

0.00±0.00

7-hour irradiation

0.23±0.12

0.05±0.03

0.18±0.11

0.11±0.03

7-hour dark

0.18±0.06

0.00±0.01

0.18±0.01

0.00±0.03

7-hour irradiation

0.17±0.08

0.04±0.00

0.13±0.02

0.01±0.01

HAc/Ac

10 mg C/L NOM

Table A-10. Comparison of nHgS solubility in three pH media without 10 mg C/L NOM.
Mean±SE(µg/L)
Total Hg
Inorganic Hg Organic Hg Methyl Hg
7-hour dark

0.20±0.00

0.00±0.00

0.20±0.00

0.01±0.00

7-hour irradiation

0.30±0.09

0.10±0.05

0.20±0.04

0.02±0.01

7-hour dark

0.40±0.23

0.01±0.00

0.39±0.22

0.03±0.00

7-hour irradiation

0.60±0.05

0.60±0.08

0.00±0.00

0.03±0.01

7-hour dark

2.40±0.34

0.80±0.16

1.60±0.49

1.00±0.49

7-hour irradiation

3.70±0.42

2.90±0.01

0.80±0.01

0.10±0.00

pH 5.15

pH 6.60

pH 9.37

Table A-11. Comparison of nHgS solubility in three pH media with 10 mg C/L NOM.
Mean±SE(µg/L)
Total Hg
Inorganic Hg Organic Hg Methyl Hg
7-hour dark

0.50±0.09

0.20±0.01

0.30±0.25

0.01±0.00

7-hour irradiation

1.70±0.62

0.30±0.22

1.40±0.40

0.01±0.00

7-hour dark

0.80±0.37

0.06±0.05

0.74±0.31

0.01±0.00

7-hour irradiation

0.70±0.08

0.10±0.10

0.60±0.01

0.01±0.00

7-hour dark

2.40±0.10

1.90±0.21

0.50±0.00

0.50±0.10

7-hour irradiation

4.50±0.33

2.40±0.33

2.1±0.01

0.70±0.11

pH 5.15

pH 6.60

pH 9.37
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Table A-12. nHgS solubility in three Fe(III) media (pH 6.61).
Mean±SE(µg/L)
Total Hg
Inorganic Hg Organic Hg

Methyl Hg

7-hour dark

0.41±0.00

0.07±0.01

0.34±0.00

0.01±0.00

7-hour irradiation

0.37±0.00

0.24±0.05

0.13±0.00

0.01±0.00

7-hour dark

0.61±0.22

0.09±0.02

0.52±0.00

0.01±0.00

7-hour irradiation

0.24±0.05

0.08±0.04

0.16±0.03

0.01±0.00

7-hour dark

1.49±0.06

0.14±0.06

1.35±0.15

0.01±0.00

7-hour irradiation

0.32±0.14

0.07±0.01

0.25±0.22

0.01±0.00

Table A-13. nHgS solubility in three Fe(III) media (pH 9.38).
Mean±SE(µg/L)
Total Hg
Inorganic Hg Organic Hg

Methyl Hg

[Fe (III)] 0 uM

[Fe (III)] 5 uM

[Fe (III)] 10 uM

7-hour dark

2.70±0.09

1.94±0.07

0.77±0.21

0.54±0.21

7-hour irradiation

3.31±0.31

1.64±0.08

1.67±0.55

0.58±0.08

7-hour dark

4.24±0.00

2.73±0.04

1.51±0.51

1.07±0.11

7-hour irradiation

3.40±0.52

2.63±0.42

0.77±0.13

0.93±0.15

7-hour dark

2.70±0.25

2.14±0.00

0.56±0.37

0.94±0.00

7-hour irradiation

11.27±2.44

4.64±0.00

6.63±0.00

0.77±0.01

[Fe (III)] 0 uM

[Fe (III)] 5 uM

[Fe (III)] 10 uM

